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ABSTRACT
Anthropogenic factors related to landscape activities, infrastructure, and
alterations, coupled with severe climatic fluctuations (i.e., droughts and extreme
hydrological events) are increasingly impairing the quality of surface water
resources across multiple geographic scales, warranting the need for
comprehensive investigations of the cumulative effects of human-environmental
stressors at multiple scales within a watershed. This study assessed three
perennial headwater streams of the San Bernardino National Forest, California.
The streams were tested for one year from October 2019 to September 2020 for
conductivity, dissolved oxygen (DO), pH, turbidity, temperature, ammonium
(NH4+), nitrate (NO3-), total coliform (TC), Escherichia coli (E. coli), and
enterococci to establish water quality trends before entering downstream
watershed features. The study also analyzed precipitation data, land cover data,
and federal, state, and regional water quality objectives, standards, and
recommendations (i.e., regulatory criteria). A comprehensive analysis of this data
will help to establish baseline knowledge of the water quality of the three
headwater perennial streams, determine the streams’ compliance with regulatory
criteria, and determine whether possible associations exist between humanenvironmental factors (i.e., nearby land cover and seasonal fluctuations) and the
observed baseline and compliance trends of the three study streams. Identifying
human-environmental factors, specifically related to perennial headwater stream
impairments, is crucial to the efficient management of watersheds, as these
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surface water features play a significant role in influencing water quality and
quantity across hydrologic networks. The findings of this study can provide water
resource managers and related stakeholders with the data needed to guide
accurate and informed decisions when developing comprehensive and
collaborative headwater management programs that align in support of
maintaining high-quality surface water resources throughout hydrologic networks.
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CHAPTER ONE
INTRODUCTION

Statement of Problem
While surface waters only account for a small amount of global freshwater
resources, they are essential in that they sustain human, economic, and
ecological health and well-being across multiple geographic scales (Edwards et
al., 2015; EPA, 2016, 2017a, 2019a; Fox & Alexander, 2015; Gleick, 1993;
Thoradeniya et al., 2019; UNH, 2018). Integral to maintaining some of the most
fundamental needs of humans (i.e., drinking water and food resources), surface
waters play a critical role in sustaining a major portion of drinking water
resources while also supplying irrigation for agriculture production of crops
essential to feeding the world's growing population. In addition, surface waters
provide habitat for fish and other aquatic food resources that support dietary and
cultural demands for anglers, indigenous, tribal, and disadvantaged communities
(Dieter et al., 2018; EPA, 2013c; Fox & Alexander, 2015; Gleick, 1993; Hoover,
2013; Paruch et al., 2019; Peters & Maybeck, 2000; USGS-a, n.d.; WHO, 2016).
Ecologically, surface waters support a diverse range of terrestrial and aquatic
organisms by providing habitats, travel corridors, thermal refuges, spawning and
breeding grounds, food webs, and the transportation of nutrients (EPA, 2013c;
UNH, 2018; Wallace & Eggert 2015). As the focal points of most recreational
sites, surface waters offer a wide range of recreational opportunities. These
include exercise, the ability to enjoy the aesthetic qualities of a natural area, and
1

participation in outdoor activities (e.g., camping, hiking, etc.) and water-based
recreation (e.g., fishing, swimming, and boating). Collectively, these activities
encourage tourism that supports local service-based industries (e.g., restaurants,
hotels/resorts, grocery stores, gas stations, etc.), community-based jobs, and
economic development of nearby communities (Chiang & Gast, 1977; EPA,
2013c; Hjerpe, 2018).
Despite these critical roles, anthropogenic factors related to agricultural,
recreational, and urban landscape activities, infrastructure, and alterations,
coupled with stressors associated with climate change, continue to adversely
impair the quality and quantity of surface waters (Delpla et al., 2009; Gleick,
1998; Mello et al., 2018; Ekness & Randhir, 2015; Peters & Meybeck, 2000).
These human-environmental factors degrade the ability of surface waters to
support the local, state, and federal beneficial uses designated to them while
simultaneously threatening public and environmental health and well-being. Due
to the longitudinal connectivity between surface waters, human-environmental
factors often influence the physicochemical and biological characteristics of water
resources throughout an entire hydrologic network (i.e., headwaters to
downstream). This facet of surface waters magnifies the need for a watershedwide perspective that considers the cumulative effects of human-environmental
factors on overall watershed function (Mello et al., 2018). Working at such a large
scale will require creative and collaborative management approaches that extend
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beyond geographic, jurisdictional, and management boundaries (Levick, 2008;
Pearl et al., 2018).
Essential to efficient management of a watershed, yet ambiguously
defined and overlooked in many water resource management plans, is the
inclusion of headwater streams (UNH, 2018). An example of this at the highest
level is the Federal Clean Water Act (CWA). Several scholars have noted a lack
of clear consensus regarding the determination and protection of headwater
streams under the CWA supported by subsequent Supreme Court decisions
(Alexander et al., 2007; Levick, 2008; Leibowitz et al., 2008; Nadeau & Rains,
2007; Richardson, 2019; Wallace & Eggert, 2015). The lack of federal guidance
along with other challenges related to headwater streams (e.g., the abundant
number and length of headwater streams, ambiguously defined and inadequately
mapped, etc.) and increasing human-environmental stressors have created
complex challenges for water resource managers tasked with maintaining
surface water resources at a quality that is protective of human and
environmental health (EPA, 2015).
To address these challenges and better establish watershed management
strategies directed toward headwater streams, watershed managers need
comprehensive data upon which they can make accurate and informed
decisions. This study provides and analyzes data for three perennial headwater
streams that give rise to a vast hydrologic network that drains the San
Bernardino National Forest, California, and contributes to several downstream
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water features. Water quality data was collected from each of the three perennial
headwater streams and analyzed in conjunction with land cover data,
precipitation data, and federal, state, and regional water quality objectives,
standards, and recommendations (i.e., regulatory criteria). This data will help to
establish baseline knowledge of the water quality of three headwater perennial
streams, determine the streams’ compliance with regulatory criteria, and
determine whether possible associations exist between human-environmental
factors (i.e., nearby land cover and seasonal fluctuations) and the observed
baseline and compliance trends of the three study streams.

Literature Review
The Role of Human-Environmental Factors in Water Quality
Surface waters are highly variable across spatiotemporal scales and can
take the form of various hydrologic features such as lakes, reservoirs, rivers,
streams, and wetlands. Collectively, surface waters form hydrologic networks
that can cover large geographic extents and transverse multiple heterogeneous
landscapes (DVandas et al., 2002; Edwards et al., 2015). Heterogeneous
landscapes also exhibit variability across space and time, ranging from relatively
natural to human dominated. They often include a matrix of land use and land
cover (LULC) configurations with varying distribution and type of vegetation,
soils, geology, surface features, activities, and climate characteristics. The
differences seen across heterogeneous landscapes set the stage for the variety,
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magnitude, and geography of pollution inputs to the landscape (Alexander et al.,
2007; Clow et al., 2011, 2013; Norton & Fisher, 2000).
Stormwater runoff is a major hydrologic pathway of pollution inputs from
the land to surface waters in nearly all terrestrial landscapes, with polluted runoff
recognized as one of the leading causes of impairment to water bodies across
the United States (U.S.) (Ekness & Randhir, 2015). Stormwater runoff during and
succeeding seasonal or climate change-induced precipitation events (i.e., rain
and snowmelt) traverse the heterogeneous landscapes, accumulating terrestrial
pollutants and discharging them into receiving surface waterways and
stormwater systems (Peters & Maybeck, 2000). Great variations in stormwater
runoff patterns occur across the globe. Often, stormwater runoff patterns
correspond to the climate characteristics and atmospheric circulation patterns of
a specific region. In the arid to semi-arid southwest United States, stormwater
runoff is derived primarily from a few large storms fueled by atmospheric rivers
(ARs) and snowmelt runoff from snowpack that accumulates throughout the
winter (Dettinger et al., 2011; Redmond & Koch, 1991). Constituents found in
stormwater runoff are highly variable due to the diffused nature and complexity of
the landscapes from which they originate and may include sediments, nutrients
(e.g., ammonium and nitrate), and or bacterial pollutants (e.g., total coliform, E.
coli, and enterococci). Drought is another common occurrence in the American
Southwest yet is made worse by climate change. Drought conditions (i.e.,
excessive heat, reduced precipitation, and increased evaporation) can reduce
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the dilution capacity of surface water systems, which may increase the
concentration and residence time of dissolved substances present in the water
(Mimikou et al., 2000; Van Vliet & Zwolsman, 2008).
Extensive literature has attributed anthropogenic activities and features
related to agricultural, recreational, and urban LULC types as primary sources of
excessive sediment, nutrient, and bacterial pollutants residing in surface waters.
Nitrate and bacterial pollutants have natural sources (e.g., wildlife, plant
decomposition, and soil). However, recreational activities (e.g., bathing,
swimming, and dishwashing), sanitary facilities (e.g., restrooms, and dump
stations), domestic animal waste, wastewater treatment plants, and improper
waste disposal are additional sources of excessive nutrients and bacterial
pollutants in recreational settings (Clow et al., 2011, 2013). In agricultural and
urban settings, anthropogenic sources of nutrients and bacterial pollutants may
include failing septic and sewer systems, waste from humans and pets, industrial
facilities, and agricultural and residential based pesticides, herbicides, and
fertilizer (Alford et al., 2016; Galfi et al., 2016; Mello et al., 2018; Tong & Chen,
2002).
Like nutrient and bacterial pollutants, sediments can derive from both
natural and human-dominated landscapes, however, anthropogenic activities
related to agricultural, recreational, and urban LULC types accelerate the erosion
rate of soil particles (i.e., sediments) to surface waters. Anthropogenic sources of
sediment may include construction, agriculture, logging, and mining activities,
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which are becoming more prominent in various landscapes due to the need to
obtain space and resources for expanding and growing anthropogenic
populations (EPA-a, n.d.; Rutledge & Chow-Fraser, 2019; Ryan,1991). These
erosional activities result in the weakening of the topsoil and exposure of
sediments to various transportation mechanisms (e.g., wind, water, and ice) that
carry sediment particles and pollution inputs that adhere to them (i.e., bacteria
and nutrients) into streams, rivers, lakes, and reservoirs.
Along with the addition of substances to terrestrial and aquatic
environments, physical land-use changes related to anthropogenic development
also result in impairments to hydrologic networks. Anthropogenic land-use
changes frequently include the modification of hydrological pathways and riparian
zones (Ding et al., 2013; Mello et al., 2018; Peters & Maybeck, 2000). Forested
landscapes typically help to reduce water quality degradation by absorbing
surface water runoff that may be carrying pollutants (Chiwa et al., 2012; Mello et
al., 2018; Procházka et al., 2019). However, forested landscapes are often found
adjacent to, nested within, or replaced by agricultural, recreational, urban, and
suburban LULC types, activities, and infrastructure (Alford et al., 2016; Wickham
et al., 2002). The development of natural to human-dominated landscapes can
result in the reduction of riparian vegetation and the introduction of impervious
surfaces. Both land-use changes can have indirect implications on the water
quality and quantity of adjacent and downstream water systems.
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Impervious surfaces (e.g., houses, roads, parking lots, sidewalks, and
compacted soils) are frequent among anthropogenic landscapes. Impervious
surfaces modify naturally occurring hydrological pathways (e.g., infiltration or
overland flow) by preventing water infiltration into the subsurface and increasing
velocity and volume of surface runoff. Not only does this increase terrestrialbased pollution inputs entering waterways, but it also reduces groundwater
recharge (Alford et al., 2016; Arnold & Gibbons, 1996; Brabec et al., 2000;
Edwards et al., 2015; Peters & Maybeck, 2000; Tong & Cheg, 2000; Uriarte et
al., 2011; Wang et al., 2003). In addition to containing pollutants, runoff from
impervious surfaces is often warmer than the temperature of surface waters that
it may enter. Warming waters can decrease the survival rate of aquatic species
by failing to meet optimal temperature and dissolved oxygen ranges (UNH, 2018;
USGS-b, n.d.; Wang et al., 2003).
The riparian zones of surface waters are critical to diffusing upland
stormwater runoff that may be exacerbated by impervious surfaces and other
barren lands. Riparian zones prevent bankside erosion and trap stormwater
constituents before they enter adjacent water systems. However, the ability of a
riparian zone to perform such functions depends in part on the presence of
vegetation (Norton & Fisher, 2000). Alterations to riparian vegetation resulting
from forest removal and the development of anthropogenic landscapes have led
to reductions in ecosystem services. Reductions in ecosystem services have
included a decline in water quality due to increased soil erosion, a reduced
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capacity for nutrient uptake, reduction in habitat quality, and an increase in
atmospheric carbon dioxide (Ding et al., 2013; Hanser et al., 2010; Mello et al.,
2018; Rheinhardt et al., 2012). Ding et al. (2013) note that land-use changes in
riparian zones are among the biggest threats to water quality and biodiversity of
surface waters. This assertion is especially true in headwater reaches which are
understood to be highly vulnerable to human impacts, particularly those caused
by human development (Lowe & Likens, 2005; Mello et al., 2018; Peterson et al.,
2001; Richardson, 2019; UNH, 2018). Because headwater streams constitute the
beginning of hydrologic networks, any in-situ impairments to a headwater stream
and related riparian zone can result in water quality and quantity degradation
across a hydrologic network.
In addition to human activities, severe climatic fluctuations (e.g., droughts
and extreme hydrological events) are expected to worsen water quality
impairments in many watersheds worldwide. Future climate projections suggest
an increase in extreme weather events, specifically, an increase in the frequency
of short-lived but intense precipitation events, quickly followed by prolonged
drought conditions (EPA, 2013b; IPCC, 2014). Such climate changes favor an
increase in the occurrence and intensity of harmful algal blooms (HABs) (EPA,
2013b; Van Vliet & Zwolsman, 2008). For example, stormwater runoff from
precipitation events amplifies the transportation of nutrients from terrestrial
landscapes into aquatic systems (EPA, 2013b; EPA, 2022; Delpla et al., 2009;
Varol et al.,2012). Succeeding drought conditions may reduce flows in headwater
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streams leading to reductions in downstream rivers, lakes, and reservoir levels.
The reduced flows reduce the ability of these various surface waters to dilute any
nutrients present in the water (Mimikou et al., 2000). The lack of freshwater
dilution increases the concentration and residence time of the nutrients, which
collectively increases the potential for HAB development (EPA, 2013b; Mimikou
et al., 2000; Van Vliet & Zwolsman, 2008). Warmer waters associated with
drought conditions further exacerbate the duration and intensity of HABs by
allowing for the algae to grow thicker and faster. Other factors of climate change
could also magnify HAB growth. For example, higher levels of atmospheric
carbon dioxide could increase photosynthesis rates of algae (EPA, 2022). The
presence of a HAB in a water system can contribute to increased turbidity,
decreased dissolved oxygen, and pH fluctuations (Van Vliet & Zwolsman, 2008).
Heavy rainfall events have also been related to increased counts of
bacteria pollutants in surface waters. This relationship is due to the welldocumented relationship between heavy precipitation events and amplified
volume and velocity of stormwater runoff (Ramírez-Castillo et al., 2015). In urban
settings, heavy rainfall can lead to an overflow of stormwater drains that could
potentially be combined with sewage systems (Hunter, 2003). Such incident
increases the potential of stormwater flows to become contaminated by fecal
bacteria (e.g., E. coli or enterococci). Bacteria pollutants may also originate from
wastewater treatment plant effluent, leaking of septic and sewer systems,
manure, domestic and wild animal waste, and environmental non-fecal sources
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such as soils and plant decomposition. Bacteria pollutants may become
transported in stormwater that flows past these sources (Alford et al., 2016; Clow
et al., 2011, 2013; Fox & Alexander 2015; Kleinheniz, 2009). A growing literature
has highlighted the connection between heavy rainfall events and fecal
contamination and or waterborne outbreaks in water systems. The literature has
specifically noted that heavy rainfall typically precedes fecal contamination and or
waterborne outbreaks (Hunter, 2003; Nichols et al., 2009; Kleinheniz, 2009). For
example, Hunter (2003) notes an event of heavy rainfall and associated flooding
that succeeded an E. coli outbreak in Canada. The E. coli outbreak affected over
1000 people, of whom 65 were admitted to the hospital, and six died (Hunter,
2003).
Water Quality; Environmental and Public Health
According to the National Water Quality Inventory, out of 1,107,002
assessed miles of U.S. river and stream mileage, 614,153 miles (i.e., 55%) were
identified as impaired, meaning that they were unable to support one or more of
the uses designated to them by the states (EPA, 2017b). Among the most
common stressors to the rivers and streams were sediments, nutrients, and
bacterial pollutants (EPA, 2016; EPA., 2017b). Each of these pollutants can
cause adverse implications for human, economic, and ecological health and wellbeing.
Anthropogenic sediments are a significant nonpoint pollution to surface
water systems, because sediments increase turbidity and play a large role as
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transport to other pollutants (i.e., bacteria and nutrients) that adhered to eroded
soil particles (Arnold & Gibbons 1996; Chen and Chang, 2014; Galfi et al., 2016;
Ryan, 1991). Increased turbidity can harm fish and other aquatic life by reducing
food supplies; degrading spawning beds; affecting gill, breeding, and growth
functions; and potentially killing fish and aquatic life. Increased turbidity related to
nutrients in specific can degrade drinking water quality by causing odor and taste
problems and increasing the cost of treatment (EPA-a, n.d.; MPCA, 2008; Ryan,
1991).
Nutrients adhered to eroded soil particles, or as constituents in stormwater
runoff, can also stimulate undesirable growth of eukaryotic organisms leading to
eutrophication, hypoxic conditions, and algae blooms in surface waters.
Ecologically, these events can lead to widespread fish kills by blocking sunlight
and depleting dissolved oxygen levels, both of which are required by many
aquatic organisms for their growth and survival. Some algae species, including
blue-green algae (i.e., cyanobacteria), can produce toxins that can cause
adverse health effects to animals and humans. Health effects may include skin
irritations, respiratory issues, gastroenteritis infections, liver damage, and in large
amounts, death. Such algae blooms are called harmful algae blooms (i.e.,
HABs). Contact with HABs frequently occurs through inhalation or direct contact
with the contaminated water when participating in water-based recreation
(CAWQ, 2020a; EPA, 2013b; Graciaa et al., 2018; Manganelli et al., 2012;
Koreivienė et. al., 2014; USGS-c, n.d.). Contact with algal toxins can also happen
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through the consumption of contaminated aquatic animals. The bioaccumulation
of algal toxins is common in aquatic animals and can pose a health risk to the
consumer (Corbel et al., 2014; Ibelings & Chorus, 2007).
Surface waters impaired with bacterial pollutants also present a threat to
the health of those exposed. The presence of E. coli and enterococci in water
systems in specific, indicates possible fecal contamination and the potential
presence of pathogenic bacteria, viruses, and protozoans that can cause
diarrhea, gastrointestinal diseases, infections, rashes, severe abdominal cramps,
and other illnesses (Leclerc et al., 2002; Paruch et al., 2019; Ramírez-Castillo et
al., 2015). Koreivienė et al. (2014), Ramírez-Castillo et al. (2015), and Graciaa et
al. (2018) have noted that untreated recreational waters (e.g., streams, ponds,
lakes, rivers) are leading settings for water-related outbreaks associated with
both enteric pathogens and algal toxins. The Center for Disease Control (CDC)
reported that from 2000-2014, 35 states voluntarily reported 140 untreated
recreational water-associated outbreaks, which resulted in at least 4,958
illnesses and two deaths. The etiology was confirmed for 103 of the outbreaks,
and of these, 80 were associated with enteric pathogens, including E. coli. Seven
of the outbreaks were related to algal toxins from harmful algal blooms (Graciaa
et al., 2018).
The presence of algal toxins and bacterial pollutants in surface waters
used for recreation, drinking water, or food resources can lead to closures and
economic losses to fisheries, recreational facilities, and food and real estate
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industries (Carmichael & Boyer, 2016; EPA, 2021b; Gill et al., 2018). Anderson et
al. (2002) notes that the average annual economic impact of HABs in the United
States between 1987 and 1992 was over $49 million per year, of which 45% was
attributed to cost related to public health, 37% was attributed to fishery impacts,
and 13% to recreation/tourism impacts. In Sarasota County, Florida, from 2017 to
2018, over 2.7 million tourists generated about 1.84 billion dollars in expenditures
related to local service-based industries. The arrival of HABs resulted in beach
closures, which consequently suspended tourism and economic activity
(Bechard, 2020). The contamination of waterways can also result in fish
consumption advisories (FCAs), a recommended limit to your daily intake of fish
or shellfish caught from contaminated water bodies. The Akwesasne Mohawks
indigenous tribe reported having ceased or significantly curtailed local fish
consumption due to fish advisories or witnessing or hearing about contaminated
fish (EPA, 2020a; Hoover, 2013). The loss of traditional food sources has been
responsible for numerous diet-related illnesses and cultural and social
implications among indigenous communities (Hoover, 2013; Norgaard, 2005).
Given the high variability of human-environmental stressors to surface
water impairments, it is essential to identify all possible contributing factors.
Strategies to identify such factors may include frequent monitoring of water
quality, landscape analysis, and the inclusion of climatic data (Alford et al., 2016;
Bello et al., 2017; Galfi et al., 2016; Mimikou et al., 2000; Schoonover et al.,
2005; and others). A comprehensive understanding of surface water impairments
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may assist water resource managers and related stakeholders by adding to
current knowledge while also helping to guide management and regulatory
decisions. This is essential to ensuring that surface waters are of quality to
support and sustain the environmental, public health, and economic activities
reliant on lakes, reservoirs, wetlands, rivers, and streams.
The Significance of Headwater Perennial Streams
As the starting point of all watersheds, headwater streams constitute the
largest percentage of stream miles across a hydrologic network. As multiple
headwater streams converge, streamflow and discharge increase to support
larger downstream water features (e.g., rivers and lakes) (Edwards et al., 2015;
EPA, 2016; Lowe & Likens, 2005; Nadeau & Rains, 2007). Streamflow in
headwater streams may be perennial (i.e., year-round), intermittent (i.e.,
seasonal), or ephemeral (i.e., rain-dependent) (EPA, 2013c). Due to prolonged
periods without streamflow, ephemeral and intermittent reaches of headwater
streams do not consistently provide the conditions needed to sustain many in-situ
and downstream ecological and anthropogenic needs (Edwards et al., 2015). In
juxtaposition, the year-round streamflow of perennial headwater streams helps to
support numerous ecosystem services essential to both anthropogenic and
ecological needs. As such, perennial headwater streams are critically important,
especially in arid and semi-arid regions where most lower-order streams are
intermittent and ephemeral.
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Fox and Alexander (2015) and others note that arid and semi-arid regions
occupy a large proportion of the Earth’s total land surface. However, perennial
rivers occupy a small fraction of these landscapes (Levick, 2008; Nadeau &
Rains, 2007; Watson et al., 2005). Dominant characteristics of arid and semi-arid
regions include variable rainfall and high evapotranspiration (Levick, 2008).
These characteristics result in significant variability of water resources through
space and time (Gleick, 1993). Despite the scarcity of water, semi-arid and arid
regions together support approximately 20% of the global population (Fox &
Alexander, 2015).
Headwater streams support high levels of species diversity because they
provide habitats, refuges, spawning and breeding grounds, food webs, and much
more (Alexander et al., 2007; Lowe & Likens, 2005; UNH, 2018; Wallace &
Eggert, 2015). A study by Meyer et al. (2007) demonstrated the contribution of
headwater streams to watershed biodiversity. This study revealed that headwater
streams are capable of supporting over 290 aquatic and terrestrial taxa, such as
diverse fish and insect populations, migratory birds, crustaceans, amphibians,
reptiles, and numerous mammal species. The distinct physical, chemical, and
biotic attributes of perennial headwater streams, such as moderate variations in
flow and temperature, make them the sole habitat of some specialist taxa
(Edwards et al., 2015; Meyer et al., 2007; Richardson, 2019). In addition, the
hydrological connectivity between headwater streams and downstream features
supports migratory or downstream species. For example, small aquatic animals
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and nutrients are exported from headwater streams to downstream reaches to
become food sources for downstream animals (Wallace & Eggert, 2015). The
provision of travel corridors between downstream features and headwater
streams allows aquatic taxa to travel upstream to seek refuge from predators;
escape physical or chemical hydrological extremes; and complete critical parts of
their life cycle in headwater reaches (Nadeau & Rains, 2007; Richardson, 2019;
UNH, 2018). The richness of aquatic and terrestrial food resources of headwater
streams may attract anglers, hunters, indigenous, tribal, and other demographics
seeking to meet dietary needs, cultural obligations, or recreational desires.
The provision of drinking water is another integral role of headwater
streams. According to an EPA report (2019a), over one-third of the U.S.
population obtains a portion or all of their drinking water from public drinking
water systems, which in part are sourced by headwater streams. Headwater
streamflow can be sustained by numerous sources including, snowmelt, rainfall
events, and groundwater discharge (EPA, 2013c; Edwards et al., 2015; Nadeau
& Rains, 2007). For perennial headwater streams in arid or semi-arid regions,
seasonal snowmelt and or groundwater help to sustain stream discharge,
especially during dry periods (Munkhjargal et al., 2019). Sturm et al. (2017) note
that nearly a sixth of the world’s population (1.2 billion people) relies on snowmelt
to meet agriculture and drinking water demands.
Climate scenarios, however, predict changes in the amount and timing of
snowfall, which consequently could reduce stream flows in headwater streams.
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Climate changes may include a decline in total snowfall and the number and
intensity of winter snowfall events, and more winter precipitation falling in the
form of rain instead of snow. Due to warming temperatures, snow that does fall
melts sooner, producing earlier surface runoff, and reducing streamflow for
summer season flows (EPA, 2020b; Sturm et al., 2017). The ramifications of the
changes in snowfall timing and amount, and therefore streamflow, can affect fish
spawning and the amount of water available for public use in the spring and
summer seasons (EPA, 2020b). The University of New Hampshire’s coldwater
stream assessment (UNH, 2013) also noted that higher evapotranspiration rates
coupled with excessive groundwater withdrawals are additional threats that could
lower summer base flows (i.e., stream flow fed by groundwater) in some
watersheds. The UNH (2013) further claims that “lower base flows will cause
many smaller perennial headwater streams to become intermittent”, which will
change temperature regimes, lead to habitat fragmentation, and cause local
extinctions (p.2).
Headwater streams also play a significant role in downstream water
quality, serving as important zones of nutrient uptake and reducing nutrient loads
in downstream water features (Wallace & Eggert, 2015; UNH, 2018; EPA, 2016).
However, nitrogen loading to aquatic systems has increased worldwide in
response to increased human application of fertilizer and waste to terrestrial
landscapes (Alexander et al., 2007; Corbel et al., 2014; Galloway et al., 2004;
Mello et al., 2018; Peterson et al., 2001). In the United States alone, 41% of the
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nation’s river and stream miles were rated poor because of an overabundance of
nitrogen (EPA, 2016). As nitrogen inputs to rivers and streams increase, the
capacity of these systems to effectively retain and transform nitrogen loads will
become overwhelmed. As a result, nitrogen will be transported further throughout
a hydraulic network and may accumulate as the water moves downstream,
increasing the chances of hypoxic conditions, eutrophication, and HABs in
downstream features (Peterson et al., 2001). A national survey conducted in
2014 found that over 50% of responding states in the United States reported that
harmful algae blooms are present every year in some of their lakes or other
freshwater bodies (CDC, 2020). Despite the frequent occurrence of HABs, Paerl
et al. (2018) note that management responses to eutrophication and algae
blooms often aim to treat individual water features or segments of watershed
networks rather than taking a watershed-scale approach and addressing factors
that may be occurring upstream.
Headwater streams face additional degradation from urbanization which is
becoming more common as urban-wildland interfaces (WUI) expand across the
contiguous United States (Radeloff et al., 2005). Impervious surfaces, sewer and
septic systems, and increased human presence are some features that may
accompany the development of urban-wildland interfaces. However, Wallace and
Eggert (2015) and Richardson (2019) also note dams and impoundments,
forestry practices, and mining as other headwater disturbances. Headwater
streams that flow into dams and impoundments have altered flow and
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temperature regimes and less biological integrity than if they were free flowing.
Forestry and mining practices introduce pollutants to headwater streams, leading
to water quality degradation and physicochemical changes (Richardson, 2019;
Wallace and Eggert, 2015).
Despite the significance of headwater perennial streams and the known
impairments, water resource managers have had little guidance to help protect
headwaters or assess their condition (EPA, 2015). Wallace and Eggert (2015)
and others (EPA, 2013c) suggest that the problem is in part because small
streams (i.e., perennial, intermittent, or ephemeral) are ambiguously defined and
inadequately mapped on US Geological Survey maps. Several other scholars
have also noted a lack of clear consensus regarding the determination and
protection of headwater streams under the Federal Clean Water Act (CWA)
(Alexander et al., 2007; Leibowitz et al., 2008; Levick, 2008; Nadeau & Rains,
2007). Additional sources have suggested that headwater streams are
overlooked by conservation efforts because they are viewed as having less
recreational and aesthetic appeal as compared to larger surface water features
and less economic value in comparison to development (Richardson, 2019;
UNH, 2018). These issues along with increasing human-environmental stressors
complicate the management of headwater streams.
A Case Study of California
California is one example where human-environmental factors are
increasingly contributing to impairments in surface waters. As one of the most
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productive agricultural regions globally and the most populous state in the U.S.,
water availability is crucial to maintaining California’s economic and population
growth (Johnson et al., 2021; Xiao et al., 2017). Yet, because of its dominant arid
to semi-arid climate with highly variable precipitation, seasonal and long-term
water resources are typically finite and difficult to manage (Dettinger et al., 2011).
Besides water imported from the Colorado River, the primary source of
California’s water is spring snowmelt which accumulates in headwater streams
and feeds downstream rivers, lakes, and storage reservoirs (Beuhler, 2003; Mao
et al., 2015; USGS, 2016). Klausmeyer and Fitzgerald, (2012) note 93% of
Californians obtain their domestic water needs from public waters that are
sourced primarily by surface water sources.
Of growing concern to California's surface water resources is drought
conditions. Drought is a naturally recurring feature of California’s climate, yet it is
made worse by climate change. The state's most recent drought, and arguably
the most severe of the last 1,000 years, spanned water years 2012 through 2016
(Mount et al., 2021; USGS-d, n.d.; Xiao et al., 2017). This period was
characterized by extremely low winter precipitation, decreased mountain
snowpack, and low spring streamflow (Mao et al., 2015; Xiao et al., 2017).
Consequently, the state's storage reservoirs were drawn significantly low,
thereby threatening the state’s agricultural production, drinking water supplies,
and fisheries (Dettinger & Anderson, 2015; Mao et al., 2015; USGS, 2016).
During more recent years, counties across the State have fluctuated in and out of
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drought, with severity ranging from abnormally dry (i.e., U.S. drought monitor
severity class D0) to exceptional drought (i.e., U.S. drought monitor severity
class D4). Abnormally dry is the least severe of the drought severity classes
mapped by the U.S. drought monitor and may cause some lingering water
deficits. In juxtaposition, exceptional drought is the most severe of the drought
severity classes and may include shortages in reservoirs, streams, and wells,
which consequently could lead to water emergencies (USDM, 2021a, 2021b).
Forest landscapes in the mountains of Southern California have also
experienced increased frequency and severity of wildfire activity after a century
of fire suppression management with outbreaks of large burns during protracted
drought, heatwaves, and Santa Ana winds when the weather is exceptionally dry
(Cardil et al., 2021, Minnich et al., 2016, Keeley et al., 2009, Westerling et al.,
2004). The past century of fire suppression management unintentionally resulted
in growth of increased tree density in Southern California’s mixed conifer forests
by eliminating the thinning effect formerly provided by recurrent understory fires
in old-growth stands (Minnich et al., 1995). Dense in-growth of young understory
trees and shrubs provide the ladder fuels for modern destructive crown fires
which cause stand-replacement mortality across entire burned landscapes of
mixed conifer forest (Goforth and Minnich, 2008). Thicker forest stands also
increase tree root competition for soil moisture resulting in widespread forest
susceptibility to bark-beetle attack and tree die-offs in exceptional drought
conditions (Minnich et al., 2016). Watersheds and surface water quality are
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degraded by ash, debris flows, sediments, nutrients, and other dissolved
constituents that can result during both active burning and or postfire conditions
(NOAA-a, n.d.; USGS-e, n.d.).
In the years following the 2012 to 2016 drought, California was impacted
by a series of atmospheric river events that relieved drought conditions through
heavy rainfall and mountain snow (NASA-a, n.d.; NOAA, 2019). These events
are just one example of the historic role atmospheric rivers have played as
“drought busters” in California (Dettinger et al., 2011; Ramseyer & Teale, 2021).
Atmospheric river events occur every winter and transport large amounts of
water vapor from the Pacific Ocean into the United States’ West Coast.
According to Dettinger et al. (2011), “California’s largest precipitation events are
generally fueled by atmospheric rivers, [which contribute to about] 20-50% of the
state’s precipitation and streamflow [and are the] basis for much of the state’s
water resources” (p.445, 448). However, while Atmospheric rivers are a recurring
component of California’s water cycle, the number of events per season and the
intensity of each event vary (SWRCB, 2020). Atmospheric rivers, if not frequent
enough, may contribute to drought conditions (Ramseyer & Teale, 2021).
Atmospheric rivers have additionally been identified as a primary force behind
flooding, post-fire debris flow, landslides, and other physical landscape
alterations that can cause infrastructure damage, extreme stormwater runoff, and
water quality degradation (Dettinger et al., 2011; NOAA, 2015; Ramseyer &
Teale, 2021; SWRCB, 2020). With climate change, the intensity and frequency of
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atmospheric rivers, droughts, and wildfires are predicted to increase in numerous
areas, including California (Garfin et al., 2013; NASA, 2018; Palazzo et al., 2017;
Sawyer et al., 2014). For Southern California in particular, these climate changes
will be especially severe on surface water supplies that already face numerous
stressors such as large populations and increased water demands (Beuhler,
2003).
Even as the state faces unprecedented climate fluctuations, land use
activities associated with urbanization, agriculture, and recreational LULC types
continue to expand in support of California’s growing population and economy
(SWRCB, 2015). Klausmeyer and Fitzgerald (2012) note that 7.7 million acres
(5%) of the watersheds supplying California’s drinking water has been converted
to agricultural uses, with an additional 3.2 million acres (2%) being converted to
urban and suburban development. While this seems insignificant, the 2015
Perennial Streams Assessment estimated that 34% of the 38,426 km of
perennial stream length assessed was in a degraded condition. Most of the
degraded stream length was draining watersheds dominated by agricultural and
urban land use (SWRCB, 2015).
California's greatest urban runoff problems are in the southern part of the
state, which is one of the most densely populated regions in the nation despite its
arid to semi-arid climate (Dwight et al., 2002; Schiff et al., 2000). The millions of
residents coupled with rapid urbanization and ongoing development generates
large amounts of pollutants, which if discharged into surface waters, can pose
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various threats to anthropogenic and ecological health and well-being (Dwight et
al., 2002). Dwight et al. (2002) notes that urban runoff into fluvial systems is a
significant concern. This is because the water quality of fluvial systems is greatly
influenced by surrounding land use, and fluvial systems can transport pollutants
great distances before discharging into downstream water features. In the urban
and suburban settings of Southern California, impervious surfaces and
stormwater drainage systems serve as major conduits of terrestrial pollutants into
surface water systems. According to the California State Water Resource Control
Board (1995), urban areas can contain up to 90% impervious surfaces.
Pollutants can also be diverted off streets into drainage systems following
precipitation events or dry weather runoff, such as lawn overwatering, car
washing, and construction work. Once in a storm drainage, runoff is transported
directly to the nearest water system, never reaching a treatment facility to
remove pollutants (SWRCB, 1995).
The various human-environmental factors that influence the quality of
California’s water resources have also contributed to the formation of harmful
algae blooms in many surface water systems across the state. In 2019 alone,
approximately 241 HAB incidents were reported (CAWQ, 2020b). Silverwood
Recreational Lake and State Park, located in the San Bernardino National
Forest, California, is one example of a location with repeated HAB incidents.
Throughout 2019 the Department of Water Resources (DWR) issued several
advisories of HABs occurring throughout the lake. The degree of danger
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frequently changed throughout the year, yet all advisory levels (i.e., warning,
caution, dangerous) urged visitors to avoid water contact due to potential shortand long-term health risks if exposed to algae toxins (DWR, 2019a-d).
Historically, HABs spawn in the summer when conditions are most favorable for
the formation of HABs. However, the California State Water Resource Control
Board suggests that in many regions of California, the duration of HABs is
increasing from predominantly summer blooms to year-round blooms due to the
persistent drought conditions that have occurred over the last decade (CAWQ,
2020b). This is problematic because HABs can affect multiple beneficial uses of
surface waters, including recreation, aquatic life, and drinking water (AndersonAbbs et al., 2016).
Study Purpose and Objectives
The increase in impairments to surface waters warrant the need for
comprehensive investigations of the cumulative effects of human-environmental
stressors at multiple scales within a watershed. This is particularly true of
Southern California watersheds, which already face impairments related to a
growing human population, recurring development of various LULC types, and
persistent climate fluctuations. Imperative to a comprehensive investigation of
Southern California watersheds is the analysis of human-environmental stressors
and related water quality trends of perennial headwater streams. As such, this
study aims to (1) identify the water quality trends of three perennial headwater
streams before they enter downstream water features, (2) compare individual
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water quality samples to water quality objectives, standards, and
recommendations (i.e., regulatory criteria) to determine if sampling sites comply
with federal, state, and regional objectives, standards, and recommendations for
surface waters, (3) identify trends related to the percent land cover near the three
study streams and seasonal fluctuations (i.e., wet vs. dry) that occurred during
the one-year study period, and (4) identify statistically significant relationships
among the water quality parameters of the three study streams. In achieving
these aims, the study will establish baseline knowledge of the water quality of
three perennial headwater streams, determine the streams’ compliance with
regulatory criteria, and determine whether possible associations exist between
human-environmental factors (i.e., nearby land cover and seasonal fluctuations)
and the observed baseline and compliance trends of the three study streams.
The findings of this study can provide water resource managers and related
stakeholders with the data needed to guide accurate and informed decisions
when developing comprehensive and collaborative headwater management
programs that align in support of maintaining high-quality surface water
resources throughout hydrologic networks.
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CHAPTER TWO
STUDY SITE
The San Bernardino National Forest spans the San Bernardino and San
Jacinto Mountain ranges and covers approximately 823,816 acres in total
(USDA-a, n.d.; USDA, 2011). The east-west ridgeline of the San Bernardino and
San Jacinto Mountain ranges delineate two major watersheds, the Santa Ana on
the south and the Mojave on the north. Headwaters that originate from the San
Bernardino National Forest contribute to surface water flows throughout the
forest and to the Santa Ana, Mojave, San Jacinto, and Whitewater Rivers, each
of which serve as primary clean water resources for many cities throughout
Southern California (USDA, 2013). The headwater streams of the San
Bernardino National Forest also support ecological diversity and recreational
activities that promote tourism and drive economic growth in this heavily used
national forest. As recognized as one of the most urbanized forests in the nation,
the San Bernardino National Forest and its water resources are continuously
affected by a complex set of factors, including population growth, urbanization,
and increased demand for recreational use. Impacts from climate change, tree
disease and mortality, and high wildfire frequency and intensity also complicate
the management of the national forest and its natural resources (USDA, 2013;
Sawyer et al., 2014). Several entities oversee the various aspects of the San
Bernardino National Forest, including the U.S. Forest Service and its several
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departments, local water agencies, state and regional water boards, and other
related stakeholders.
The San Bernardino National Forest region has steep topography and
consists of fractured granite bedrock that allows fracture flow of ground water
and shallow alluvial deposits that can be highly erosive during precipitation
events (Mathany & Burton, 2017; Saber et al., 2020). The steep elevation
gradient of the San Bernardino Mountains creates orographic lifting of pacific
storms, resulting in higher precipitation rates in the mountainous areas than in
the surrounding lowlands (Minnich et al., 1995; Troxell, 1954). The San
Bernardino National Forest is characterized by a Mediterranean seasonality, with
climate regimes of hot, dry summers and variable winter precipitation driven by
cyclonic storms (Izbicki, 2007). The wet season typically begins with the start of
the water year in October and lasts until about April. The dry season starts about
May and continues until the end of the water year the following September
(Anderson, 2019; NOAA-b, n.d.). In recent years, the San Bernardino National
Forest has faced extreme weather conditions (i.e., drought and heavy
precipitation events). The San Bernardino National Forest experienced ongoing
drought conditions from the summer of 2012 to the winter of 2018, followed by a
season of intense storms in the winter of 2019 (i.e., resulting in lake flooding)
(Saber et al., 2020; USGS, 2022). During this study period (i.e., water year
2020), the U.S. drought monitor (USDM, 2021b) map the abnormally dry drought
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severity class for the San Bernardino National Forest during November 2019 and
September 2020.
Within the San Bernardino National Forest are three perennial headwater
streams; Little Bear Creek, Burnt Mill Creek, and Orchard Creek. These three
streams drain the Willow Creek sub watershed (HUC 180902080103) located in
the Deep Creek watershed (HUC 1809020801) nested within the Northern
Mojave Basin (HUC 180902) (Figures 1 and 2). Little Bear Creek, Burnt Mill
Creek, and Orchard Creek are all perennial headwater tributaries of Lake
Arrowhead (Figure 1), a multifunctional reservoir used primarily for recreational
purposes, a potable water supply for the community of Lake Arrowhead, and
habitat for aquatic and terrestrial flora and fauna. There are two drinking water
intakes in the lake operated by the Lake Arrowhead Community Services District
(LACSD). Water withdrawn from the lake is treated at LACSD treatment facilities
following State and Federal regulations before being distributed to the public for
consumptive use. The LACSD is also responsible for wastewater services (Saber
et al., 2020; LACSD, n.d.). The Arrowhead Lake Association (ALA) is responsible
for overseeing and regulating all recreational functions of the lake, including
boating, fishing, swimming, other general lake use, and the maintenance of the
lake itself and related properties (ALA, 2021). As recognized as one of
California's most popular lake resorts, Lake Arrowhead, and its surrounding
communities host millions of visitors a year, with tourism being the primary
economic generator for the area (ALA, 2021; LACC, 2021). The only outlet from
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the Lake is a spillway on the northern shore that is operated by ALA. When the
water level of the lake reaches full capacity, normally at a water elevation of
about 1556 meters, water is released from the spillway to support Willow Creek
(Saber et al., 2020). Willow Creek converges with several tributaries before
merging into Deep Creek, a nationally designated Wild and Scenic River that
poses scenic, recreational, and cultural values in addition to being the most
ecologically diverse drainage in the San Bernardino National Forest (NWSR,
n.d.; USDA-b, n.d.) (Figure 1). Further downstream, Deep Creek converges with
the West Fork Mojave River tributary to create the headwaters of the Mojave
River, the primary recharge source for the Mojave River groundwater basin and
an important water resource for Southern California (Alford & Caporuscio, 2020;
Stamos et al., 2001; WATERS, 2021).
Little Bear Creek is the longest of the three study streams (2.76 km),
traversing two catchments (with a combined area of 2.7 km²) before draining into
Lake Arrowhead. One sampling site, Little Bear Creek 1 (i.e., LBC1; Located at
approximately 34°14'26.88"N and 117°12'54.49"W), was established alongside
Little Bear Creek in the upper catchment (2.13 km²), and a second sampling site,
Little Bear Creek 2 (i.e., LBC2; Located at approximately 34°14'49.04"N and
117°12'30.26"W), was established downstream in the lower of the two
catchments (0.57 km²) (Figure 1). Burnt Mill Creek and Orchard Creek each flow
through one catchment before draining into Lake Arrowhead. The drainage area
directly contributing stormwater to Burnt Mill Creek represents an area of 1.23
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km², while the catchment area of Orchard Creek is 1.21 km². The stream length
of Burnt Mill Creek and Orchard Creek are 1.37 km and 1.71 km, respectively.
One streamside sampling site for each Burnt Mill Creek (i.e., BMC; Located at
approximately 34°15'0.06"N and 117°11'38.47"W) and Orchard Creek (i.e., OC;
Located at approximately 34°14'56.63"N and 117°10'37.61"W) were established
during the study period (WATERS, 2021) (Figure 1). Each headwater stream
catchment has variable landscape characteristics and human pressures. These
include forest and develop land cover configurations, which hosted diverse
vegetation, commercial and residential buildings, impervious surfaces (e.g.,
roads, parking lots), infrastructure (e.g., septic and sewer systems, natural gas
pipelines), and recreational activities and facilities (e.g., recreational vehicle
dump stations).
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Figure 1. Little Bear Creek, Burnt Mill Creek, and Orchard Creek Perennial
Headwater Streams and Sample Sites.
Data Source: USGS, 2021.
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Figure 2. Willow Creek Sub Watershed (HUC 180902080103) Nested within the
Northern Mojave Basin (HUC 180902).
Data Sources: CODP, 2019; USGS, 2021
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CHAPTER THREE
METHODS

Site Assessment
Applying methods similar to Alford and Caporuscio (2020), watershed
delineation and surface feature hydrology data were downloaded from the United
States Geological Service GIS National Hydrography website, the United States
Environmental Protection Agency WATERS geospatial database, and the
California Natural Resources Agency Open Database (CANRA, 2021; USGS,
2021; WATERS, 2021). These data sources were uploaded to ArcGIS 10.8.1 and
Google Earth Pro to determine the watershed characteristics of the study site.
This included watershed boundaries and area measurements, stream lengths,
and drainage patterns (i.e., headwater streams vs. downstream features). The
2016 National Landcover Dataset (NLCD) was also imported to ArcGIS 10.8.1
and clipped to the catchment boundaries to identify the classification and
percentage of land cover surrounding each sampling site relative to the
catchment that each sampling site was located within (MRLC, 2021). Table 1
describes the land cover classifications found within the catchments. Google
earth pro was used for further analysis of the landscape characteristics at a
higher resolution, while ground-truthing provided direct observation of the study
area. Precipitation data for the study period were collected from the USGS
precipitation gauge located in Lake Arrowhead, California (site number
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341545117124001) (USGS, 2022). Precipitation (cm) data were aggregated for
monthly totals and 72 hours accumulations prior to sampling event.

Table 1. National Land Cover Dataset Legend.
Land Cover Classification

NLCD Classification Description

Evergreen Forest

Areas dominated by trees generally greater than 5 meters
tall, and greater than 20% of total vegetation cover. More
than 75% of the tree species maintain their leaves all
year. Canopy is never without green foliage.
Areas dominated by trees generally greater than 5 meters
tall, and greater than 20% of total vegetation cover.
Neither deciduous nor evergreen species are greater than
75% of total tree cover.
Areas with a mixture of constructed materials and
vegetation. Impervious surfaces account for 20% to 49%
percent of total cover. These areas most commonly
include single-family housing units.
Areas with a mixture of constructed materials and
vegetation. Impervious surfaces account for 50% to 79%
of the total cover. These areas most commonly include
single-family housing units.
Areas with a mixture of some constructed materials, but
mostly vegetation in the form of lawn grasses. Impervious
surfaces account for less than 20% of total cover. These
areas most commonly include large-lot single-family
housing units, parks, golf courses, and vegetation planted
in developed settings for recreation, erosion control, or
aesthetic purposes.

Mixed Forest

Developed Low Intensity

Developed Medium Intensity

Developed Open Space

Source: MRLC, 2021.
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Water Quality Sampling
Water quality data were collected from October 2019 to September 2020,
from the four sampling sites (i.e., LBC 1, LBC 2, BMC, and OC) established
streamside of Little Bear Creek, Burnt Mill Creek, and Orchard Creek. Sampling
events occurred bi-weekly during the dry season (i.e., approximately May to
September). During the wet season (i.e., approximately October to April),
sampling occurred weekly and proportionally to precipitation events. Wet season
sampling occurred more frequently to try to capture pollution pulses that may
have occurred during or succeeding stormwater runoff events (Bhat et al., 2014).
During each sampling event, eight physicochemical parameters were measured
in stream flow at the four sampling sites using vernier portable LabQuest 2
monitors and sensors. The parameters measured were flow (m/s), conductivity
(μS/cm), dissolved oxygen (DO, mg/L), pH, nitrate (NO3-, mg/L), ammonium
(NH4+, mg/L), turbidity (NTU), and water temperature (⚬C). At each sampling site,
a temperature probe, optical DO probe, pH sensor, conductivity probe, and
nitrate and ammonium ion-selective electrodes were submerged into flowing
water to the appropriate depths within the water column as directed by the
manufacture instructions. Water samples were collected in glass vials, placed in
a vernier turbidity sensor, and the conductivity measurements were recorded.
The propeller of a flow rate sensor was submerged in the stream flow, pointed up
stream to record stream flow measurements at each sampling site. Sensors were
rinsed with deionized water after each measurement was collected and sensors
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were calibrated prior to each sampling event as directed by the manufacture
instructions. Similar parameters, equipment, and collection methods were applied
in Alford and Caporuscio (2020), Khatoon et al. (2013), Vega et al. (1998), and
Varol et al. (2012) studies.
Applying methods similar to Kleinheinz et al. (2009), additional grab
samples were also collected at each sampling site in sterilized IDEXX 100mL
bottles and transported on ice to California State University San Bernardino to be
analyzed for total coliform (TC, MPN/100mL), Escherichia coli (E. coli,
MPN/100mL), and enterococci (MPN/100mL). The samples were analyzed using
U.S. EPA approved IDEXX Colilert, Colilert-18, Enterolert, and Quanti-Tray/2000
methods (EPA, 2003). The results were reported in the most probable number
(MPN) which is an equivalent unit to the colony forming units (CFU) often
reported by regulatory water quality criteria. MPN estimates the concentration of
bacteria (including both viable and nonviable bacteria) in a 100-milliliter water
sample to a 95% confidence interval (IDEXX; IDEXX, 2019; IDEXX Water
Academy). Due to limited funding, sampling for coliform bacteria (i.e., total
coliform and E. coli) and enterococci typically altered every other sampling event.
All data measurements made in the field or laboratory were recorded and
organized in a Microsoft Excel database.

Statistical and Temporal Analysis
Similar to Alford et al. (2016), Alford and Caporuscio (2020), Khatoon et
al. (2013), and Schoonover et al. (2005), descriptive statistics and bivariate
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correlation matrices were created for each sampling site. Descriptive tables
including the count, minimum, maximum, mean, standard deviation, and variance
for each water quality parameter were generated using Microsoft Excel and
SPSS version 27, and used to identify physicochemical and biological trends. To
identify statistically significant relationships among water quality parameters,
SPSS was used to create the bivariate correlation matrices for each sampling
site. Unpaired data points between water quality parameters of the same
sampling site were removed to meet the paired variable criteria of Pearson’s
correlation test (Laerd, 2022). It should be noted that enterococci samples were
not included in the correlation studies because of the parameter’s small sample
size, which would have been reduced further by the pairing of variables. The
water quality parameters were then tested for normality using Shapiro-Wilks tests
and observing skewness and kurtosis values. Data that did not meet the
normality assumption was transformed using a natural log transformation as
previously implemented by Alford et al. (2016), Alford and Caporuscio (2020),
Mallin et al. (2016), Schoonover et al. (2005), and others. Pearson’s correlation
coefficient (r) value was used to analyze the strength and direction of linear
relationships between the water quality parameters of a particular sampling site.
Statistically significant associations among the water quality parameters were
identified at a confidence interval of 95% (P-value ≤ 0.05), and 99% (P-value ≤
0.01) (2-tailed analysis). Temporal graphs were created using Microsoft Excel to
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illustrate trends in variable water quality parameters relative to trends in the
precipitation data (i.e., accumulative 72-hour precipitation).

Water Quality Criteria
Individual samples of each water quality parameter, except for flow, were
compared to a corresponding water quality objective, standard, or
recommendation outlined by a collection of federal, state, and regional statutes,
including the United States Environmental Protection Agency (USEPA)
Recreational Water Quality and Aquatic Life Criteria, the California State Water
Resources Control Board (CASWB) Water Quality Objectives, and the South
Lahontan Region Objectives (i.e., regulatory criteria; Table 2). The objectives,
standards, and recommendations used to establish the water quality regulatory
criteria were the most regionalized and applicable for the study purpose and sites
during the study period. It should be noted that water flow did not have a
quantifiable water quality objective, standard, or recommendation applicable to
this study. The total count of individual samples collected for each parameter
(i.e., parameter counts) and the percent of samples that exceeded the
corresponding criterion were calculated for each sampling site. A Microsoft excel
graph was also created to compare the percentage of exceedances across the
four sampling sites. Similar methods were previously applied in Alford (2016) and
Alford and Caporuscio (2020) studies.
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Table 2. Water Quality Regulatory Criteria.
Water Quality Parameter

Objectives/Standard/
Recommendation

Source

Flow

-

-

Temperature

<26°C

CA State Water Board
(SWRCB, 2002)

Dissolved Oxygen (DO)

>4 mg/L

Water Quality Control Plan for the
Lahontan Region
(WQCP, 2015)

pH

6.5-8.5

Water Quality Control Plan for the
Lahontan Region
(WQCP, 2015)

Turbidity

<100 NTU

CA State Water Board
(SWRCB, 2004)

Conductivity

150-500 µS/cm

EPA Criteria for stream fisheries
(EPA, 2012a)

Ammonium (NH4+)

0.02-0.4 mg/L

EPA 2013 Aquatic Life Criteria
(EPA, 2013a)

Nitrate (NO3-)

0.2-0.6 mg/L

Water Quality Control Plan for the
Lahontan Region (Deep Creek)
(WQCP, 2015)

Total Coliform (TC)

<1,000 cfu/100mL

CA State Water Board
(SWRCB, 2012)

E. coli

<126 cfu/100mL

EPA 2012 Recreational Water
Quality Criteria
(EPA, 2012b)

Enterococci

<35 cfu/100mL

EPA 2012 Recreational Water
Quality Criteria
(EPA, 2012b)
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CHAPTER FOUR
RESULTS

Watershed and Climate Characteristics
Identifying trends related to land cover characteristics and seasonal
climatic fluctuations (i.e., wet vs. dry) helps to gain a better understanding of the
study area characteristics, as well as hypothesize possible associations between
human-environmental factors and water quality parameters and compliance
trends.
Figure 3 illustrates the land cover classification and percentage
breakdown for each sampling site relative to the catchment that each sampling
site is located within. Evergreen forest followed by developed open space
represented the dominant land cover classes of the catchments. The catchment
of Orchard Creek (i.e., OC) had the highest percentage of evergreen forest
(69.1%), followed by the catchments of Little Bear Creek 2 (i.e., LBC2; 66.8%),
Little Bear Creek 1 (i.e., LBC1; 61.7%), and Burnt Mill Creek (i.e., BMC; 57.2%).
In relation to developed open space, the catchment of BMC had the highest
percentage (41.3%), followed by the catchments of OC (28.9%), LBC1 (27.4%),
and LBC2 (24%). The catchment of LBC1 was further classified by the NLCD as
developed medium intensity (4%), developed low intensity (3.8%), mixed forest
(2.1%), and other (1.1%). A similar matrix of developed medium intensity (3%),
developed low intensity (2.6%), mixed forest (2.9%), and other (0.8%) represent
the remaining land cover of the LBC2 catchment. Mixed forest and developed
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medium intensity land cover classifications were not detected within either the
BMC or OC catchments, while developed low intensity represented a small
percent of the BMC (1%) and OC (1.7%) catchment areas.
A ground-level investigation of each sampling site revealed that the 30meter pixel resolution used by the NLCD along with dominant forest land cover
could have masked developed land cover beneath the tree canopy (MRLC,
2021). However, Google Earth Pro was used for further analysis of the landscape
characteristics at a higher resolution while ground-truthing provided direct
observation of the study area. Together these methods revealed that, the upper
most reach of Little Bear Creek begins in a forested landscape with riparian
vegetation and conifer tree canopy. Further downstream the landscape becomes
less shaded with Little Bear Creek traversing an urban landscape that hosts
residential homes, a large commercial area, and impervious surfaces. The
landscape then transitions back to a forest and residential mixed landscape
before draining into Lake Arrowhead at a popular site used for water recreation
(i.e., swimming, boating, and fishing). Sampling site LBC1, located furthest
upstream of Little Bear Creek, is shaded by the forested landscape, while
sampling site LBC2, located future downstream, is in the urban landscape with
no shade from tree canopy. Upslope from sampling site LBC1, is a campground
that supports sanitary facilities (i.e., showers and restrooms) and a recreational
vehicle waste dump station (USDA-c, n.d.). The upper reaches of both Burnt Mill
Creek and Orchard Creek traverses a forest and residential mixed landscape that
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includes conifer forest vegetation, homes, and impervious surfaces. The BMC
sampling site is shaded by riparian and conifer vegetation, located next to a large
impervious parking lot, and is in close proximity to the mouth of Burnt Mill Creek.
The OC sampling site is also shaded by riparian vegetation and is located next to
residential units and a road. Both Burnt Mill Creek and Orchard Creek drain into
Lake Arrowhead at sites frequently used for water recreation.
Figure 4 illustrates the total monthly precipitation that occurred during the
study period (i.e., water year 2020) for the USGS Lake Arrowhead precipitation
gauge (site number 341545117124001). From October 2019 to September 2020,
the precipitation gauge received a total of 71.86 cm of precipitation. This was
96.4% of the annual average precipitation recorded at this precipitation gauge
relative to a 5-year complete operational period of record (USGS, 2022). As
expected, a majority of the precipitation fell during the wet season (i.e., October
to April; ∑ = 71.17 cm). The first significant precipitation event began midNovember (∑ =12.52 cm), despite an abnormally dry drought classification for
this month (USDM, 2021b). More precipitation followed throughout December (∑
=17.22 cm), and smaller precipitation events occurred in January (∑ =0.91 cm)
and February (∑ =0.13 cm). March (∑ =20.29 cm) and April (∑ =20.09 cm) were
associated with the largest precipitation accumulations. While March precipitation
spread throughout Month, April precipitation accumulated over six consecutive
days with no other rain events succeeding or preceding for many days. Multi-day
precipitation events also represent the precipitation events that occurred
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throughout November, December, and January (USGS, 2022). Some of the wet
season precipitation fell as snow, with an average of 2.11 cm of snow depth
observed, and a total of 501.76 mm/hr. of snowmelt modeled during the wet
season (NOAA, 2022). However, the USGS Lake Arrowhead precipitation gauge
does not distinguish liquid precipitation from solid precipitation, and as such this
distinction was not made in Figure 4 or the temporal graphs (i.e., Figure 6-10).
There were a few precipitation events that occurred during the dry season (i.e.,
May to September), which resulted in an accumulative total of 0.69 cm of
precipitation. During the dry season, most of the precipitation accumulated in
May (∑ = 0.64 cm) during a single-day precipitation event. Two minor single-day
precipitation events also occurred in June (∑ = 0.03cm) and August (∑ = 0.03cm)
(USGS, 2022). During September 2020, the abnormally dry drought severity
class was map at Lake Arrowhead and no precipitation fell (USDM, 2021b).
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Figure 3. Land Cover Classifications of Sampling Sites Catchments.
Sources: MRLC, 2021.

Figure 4. Total Monthly Precipitation for Lake Arrowhead Precipitation Gage.
Source: USGS, 2022.
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Descriptive Statistics and Water Quality Criteria
Descriptive statistics were developed of each sampling site (Tables 3-6)
and parameter counts (i.e., the total of individual samples collected for each
parameter) were compared to corresponding water quality objectives, standards,
or recommendations (i.e., regulatory criteria; Tables 2; Figure 5). Conductivity,
total coliform, E. coli, and enterococci parameters exhibited the highest variability
at each sampling site (Tables 3-6). Turbidity had notable variability at LBC1
(833.82) and OC (293.04) sampling sites only (Table 3 and 6). The high
variability of these parameters indicates that sample values tended to disperse
further from the mean value, and therefore the concentrations of these
parameters changed frequently throughout the study period. However, as
previously observed by Alford and Caporuscio (2020), the high variability of the
bacteria parameters (i.e., total coliform, E. coli, and enterococci) could
additionally be explained by limited sampling that resulted from funding
constraints. The remaining water quality parameters (i.e., flow, temperature, DO,
pH, NH4+, and NO3-) exhibited low variability at each sampling site, indicating
that concentrations/measures of these parameters remained fairly consistent
throughout the study period (Tables 3-6).
At sampling sites LBC1 and LBC2, most enterococci samples exceeded
the EPA (2012b) water quality criterion (LBC1 69%; LBC2 57%). In comparison,
most enterococci samples met the prescribed criterion at sites BMC and OC
(Tables 5 and 6). At each sampling site, a majority of E. coli and total coliform
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samples met the regulatory criteria. However, when comparing the percent of
failed samples between sites, LBC1 had the highest percent of E. coli
exceedances (43%), followed by LBC2 (28%), OC (13%), and BMC (4%).
Sampling site LBC2 exhibited the highest percentage of total coliform
exceedances (32%), followed by LBC1 (22%), OC (8%), and BMC (4%). At each
sample site, conductivity, ammonium, and pH parameters had a majority of their
samples meet the regulatory ranges as prescribed by the EPA criteria (2012a;
2013a) and the Lahontan Region Water Quality Control Plan (2015). When
comparing the percent of failed samples between sampling sites, LBC2 exhibited
the greatest percent of conductivity (30%) and pH (35%) failures, while OC
exhibited the greatest percent of ammonium (40%) failures. NO3- was the only
water quality parameter which had a majority of samples fail to meet its
corresponding water quality criterion across all four sampling sites. Site BMC had
the highest percentage of NO3- failures (80%), followed by LBC1 (71%), OC
(70%), and LBC2 (65%) (Tables 3-6 and Figure 5). Parameters with low
variability and excessive sample failures, such as NO3-, are of particular interest
as the combination of these factors indicates that concentrations consistently
remained out of compliance with the prescribed criterion. All samples of water
temperature and DO parameters met the corresponding water quality criteria at
each sampling site, and turbidity only exceeded its criterion once (3%) at LBC1
(Tables 3-6 and Figure 5).
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Table 3. Descriptive Statistics and Percent of Exceedances for LBC1.
Variable

Count

Min

Max

Mean

Std. Dev.

Variance

Criteria

%Exceeding

Flow
(m/s)

n=30

0.04

0.57

0.33

0.13

0.02

-

-

Temp.
(°C)

n=38

1.8

13.9

8.6

3.22

10.35

<26

0%

Cond.
(µS/cm)

n=36

11.0

350.0

194.9

65.02

4228.01

150-500

11%

DO
(mg/L)

n=38

7.5

11.4

8.8

1.06

1.12

>4

0%

n=38

5.9

7.8

6.7

0.51

0.26

6.5-8.5

34%

Turb.
(NTU)

n=38

0.3

175.0

13.9

28.88

833.82

<100

3%

NH4+
(mg/L)

n=38

0.00

1.5

0.32

0.37

0.13

0.02-0.4

34%

NO3(mg/L)

n=38

0.1

5.0

1.1

1.11

1.24

0.2-0.6

71%

TC
(MPN/100mL)

n=23

64.4

2419.6

676.6

720.39

518958.33

<1,000

22%

E. coli
(MPN/100mL)

n=23

0.0

2419.6

309.9

533.57

284701.70

<126

43%

Enterococci
(MPN/100mL)

n=13

1.0

461.1

163.9

167.46

28044.17

<35

69%

pH

Parameters Exhibiting High Variance are in Bold.
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Table 4. Descriptive Statistics and Percent of Exceedances for LBC2.
Variable

Count

Min

Max

Mean

Std. Dev.

Variance

Criteria

%Exceeding

Flow
(m/s)

n=37

0.01

1.69

0.59

0.40

0.16

-

-

Temp.
(°C)

n=41

3.1

16.1

8.6

3.71

13.78

<26

0%

Cond.
(µS/cm)

n=40

8.0

846.0

203.7

120.43

14503.60

150-500

30%

DO
(mg/L)

n=40

7.0

11.8

9.5

1.24

1.53

>4

0%

n=40

5.8

7.7

6.7

0.46

0.22

6.5-8.5

35%

Turb.
(NTU)

n=40

0.5

33.7

9.6

7.54

56.92

<100

0%

NH4+
(mg/L)

n=40

0.00

1.80

0.26

0.36

0.13

0.02-0.4

35%

NO3(mg/L)

n=40

0.0

2.5

0.9

0.79

0.62

0.2-0.6

65%

TC
(MPN/100mL)

n=25

51.2

2,419.6

814.6

906.20

821,204.78

<1,000

32%

E. coli
(MPN/100mL)

n=25

3.0

770.1

131.8

213.55

45,605.42

<126

28%

Enterococci
(MPN/100mL)

n=14

3.0

167.0

58.9

53.02

2,811.51

<35

57%

pH

Parameters Exhibiting High Variance are in Bold.
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Table 5. Descriptive Statistics and Percent of Exceedances for BMC.
Variable

Count

Min

Max

Mean

Std. Dev.

Variance

Criteria

%Exceeding

Flow
(m/s)

n=33

0.24

1.59

0.76

0.35

0.12

-

-

Temp.
(°C)

n=40

2.1

21.3

8.7

4.63

21.41

<26

0%

Cond.
(µS/cm)

n=40

101.6

385.0

230.0

64.98

4221.87

150-500

5%

DO
(mg/L)

n=40

7.4

12.0

9.7

1.01

1.03

>4

0%

n=40

5.9

7.6

6.7

0.42

0.17

6.5-8.5

28%

Turb.
(NTU)

n=40

1.4

28.7

9.3

6.75

45.52

<100

0%

NH4+
(mg/L)

n=40

0.00

0.80

0.22

0.22

0.47

0.02-0.4

35%

NO3(mg/L)

n=40

0.1

3.4

1.1

0.90

0.80

0.2-0.6

80%

TC
(MPN/100mL)

n=25

26.5

2419.6

269.3

503.28

253286.11

<1,000

4%

E. coli
(MPN/100mL)

n=25

0.0

365.4

30.7

74.81

5596.44

<126

4%

Enterococci
(MPN/100mL)

n=13

1.0

165.0

25.9

44.17

1951.11

<35

15%

pH

Parameters Exhibiting High Variance are in Bold.
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Table 6. Descriptive Statistics and Percent of Exceedances for OC.
Variable

Count

Min

Max

Mean

Std. Dev.

Variance

Criteria

%Exceeding

Flow
(m/s)

n=35

0.09

1.35

0.47

0.29

0.08

-

-

Temp.
(°C)

n=40

4.3

16.1

9.1

3.51

12.33

<26

0%

Cond.
(µS/cm)

n=40

108.0

358.0

216.3

55.42

3071.46

150-500

5%

DO
(mg/L)

n=40

7.3

11.5

9.8

1.03

1.07

>4

0%

n=40

6.0

7.8

6.8

0.48

0.23

6.5-8.5

30%

Turb.
(NTU)

n=40

0.4

99.6

11.7

17.12

293.04

<100

0%

NH4+
(mg/L)

n=40

0.00

1.60

0.28

0.32

0.10

0.02-0.4

40%

NO3(mg/L)

n=40

0.1

5.7

1.6

1.31

1.71

0.2-0.6

70%

TC
(MPN/100mL)

n=24

9.8

1986.3

307.9

511.98

262123.15

<1,000

8%

E. coli
(MPN/100mL)

n=24

1.0

235.9

39.5

63.16

3989.01

<126

13%

Enterococci
(MPN/100mL)

n=14

1.0

64.4

21.3

21.89

479.36

<35

21%

pH

Parameters Exhibiting High Variance are in Bold.
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Figure 5. The Percent of Individual Sample Exceedances Across Sampling Sites.

Temporal Analysis and Descriptive Statistics
Streamflow (i.e., flow rate) is largely influenced by weather fluctuations
(i.e., wet and dry conditions), with increases in streamflow often resulting from
stormwater runoff produced during or after rain or snowmelt (EPA, 2012).
Stormwater runoff is also a primary mechanism of transportation for pollution
inputs from the land to surface waters (Peters & Maybeck, 2000; Tong & Chen,
2002). With climate change, seasonal weather trends are increasingly becoming
more variable, and with that, the timing and magnitude of stormwater potentially
transporting pollution inputs to surface waters. Once in the water, low flow
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conditions could concentrate pollutants (Mimikou et al., 2000; Van Vliet &
Zwolsman, 2008), while high flows could dilute pollutants or transport them
further downstream. During the study period, conductivity, total coliform, E. coli,
and enterococci exhibited the greatest variability among the measured water
quality parameters across all sampling sites. Temporal graphs (Figures 6-10)
illustrate trends in these water quality parameters relative to the accumulated
precipitation (cm) recorded 72 hours prior to sampling events. It should be noted
that only the sampling events that occurred across all four sampling sites are
included in the graph of the particular water quality parameters under
investigation. The x-axis represents the numeric order of sampling events that
occurred during each month
Figure 6 illustrates that flow was highly variable at sites LBC2, BMC, and
OC between sampling events, however, it remained considerably more stable at
site LBC1. At all sites, flow tended to increase following precipitation, however
some sites (e.g., LBC2, BMC, OC) exhibited more pronounced increases than
others (e.g., LBC1). Each site exhibited an increase in flow rate on the 4th and
7th sampling events of March (i.e., 4-Mar; 7-Mar). The cumulative totals recorded
in the 72-hours before these sampling events were 6 cm and 5 cm, respectively.
The maximum flow rate for LBC1 (0.57 m/s) was recorded during the 7th
sampling event of March (i.e., 7-Mar) (Table 3). Significant spikes in flow rate
were also evident on the 3rd and 7th sampling events of April (i.e., 3-Apr; 7-Apr)
at sampling sites LBC2, BMC, and OC. The cumulative totals recorded in the 72-
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hours before these April sampling events were 5 cm and 0 cm, respectively
(Figure 6). The maximum flow rates for BMC (1.59 m/s) and OC (1.35 m/s) were
recorded during the 3rd sampling event of April (i.e., 3-Apr), while the maximum
flow rate for LBC2 (1.69 m/s) was recorded during the 7th sampling event of April
(i.e., 7-Apr) (Tables 4-6). During August and September of 2020, streamflow was
too low to measure at all sampling sites. Other obstacle (e.g., snow berms and
tree work) occasionally restricted access to sampling sites throughout the study
period, and as such, prevented measurement of the water quality parameters,
including flow rate.
In addition to a notable increase in flow rate (Figure 6), conductivity levels
across all sites dropped significantly during the 4th sampling event of March (i.e.,
4-Mar) (Figure 7). During this sampling event, the minimum conductivity
concentration for all sampling sites was recorded (i.e., LBC1 11 µS/cm, LBC2 8
µS/cm, BMC 102 µS/cm, and OC 108 µS/cm) and all measurements were below
the permissible range prescribed by the EPA (2012a) (i.e.,150-500 µS/cm)
(Tables 3-6). Figure 7 additionally shows a spike in conductivity concentrations at
all sites occurring during the 2nd sampling event of April (i.e., 2-Apr). The
maximum conductivity concentration for LBC1 (350 µS/cm), BMC (385 µS/cm),
and OC (358 µS/cm) were recorded during this sampling event, however, all
measurements complied with the prescribed criterion (Tables 3, 5, and 6). No
precipitation fell in the 72 hours prior to this April sampling event, and the flow
rates of LBC1, LBC2, BMC and OC were 0.532 m/s, 0.460 m/s, 0.795 m/s, 0.636
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m/s, respectively (Figure 6). Conductivity levels began to decline by the following
sampling event (i.e., 3-Apr) as precipitation and flow rate simultaneously
increased (Figures 6 and 7). No other significant changes in the measurement of
conductivity occurred during the remaining sampling events at any of the
sampling sites (Figure 7). In addition, there were minimal differences observed in
the conductivity measurements between the sampling sites throughout the water
year, suggesting that factors that influence conductivity concentrations may be
similar across the study area.
Figure 8 illustrates that total coliform concentrations were highly variable
at sites LBC1 and LBC2 between sampling events, however concentrations at
sites BMC and OC remained considerably more stable. Sites LBC1 and LBC2
also had more sampling events that exceeded the prescribed criterion for total
coliform (i.e., <1,000 cfu/100mL) than sites BMC and OC. Throughout the wet
season, multiple sampling events exceeded the criterion at LBC1 and LBC2,
however, only a few exceedance events were preceded by precipitation (e.g., 3Mar; 4-Mar). Sites BMC and OC stayed below the criterion for most of the wet
season with one exception (i.e., 4-Mar). In addition to notable changes in flow
rate and conductivity (i.e., an increase in flow rate and decrease in conductivity
concentrations), the 4th sampling event of March also exhibited a spike in total
coliform concentrations across all sampling sites. Concentrations began to
increase during the 3rd sampling event of March (i.e., 3-Mar), and by the
following sampling event (i.e., 4-Mar) all sites had concentrations above the
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prescribed criterion. A total of 6 cm of precipitation was recorded in the 72-hours
before the 4th sampling event of March, and the flow rates of LBC1, LBC2, BMC,
and OC were 0.435 m/s, 0.898 m/s,1.057 m/s, and 0.500 m/s, respectively
(Figure 6). There were other notable differences in total coliform concentrations
observed between the sampling sites during the remainder of the water year.
During the dry season, no sampling events exceeded the criterion at BMC, one
sampling event exceeded the criterion at each LBC1 (i.e., 3-Jun) and OC (i.e., 2Jun), and multiple dry season sampling events exceeded the criterion at LBC2
(i.e., 1-May; 2-May; 2-Jun; 3-Jun). No precipitation fell in the 72 hours prior to
any of the noted dry season sampling events (Figure 8). Flow began to decline at
most sites by May and was too low to be recorded at LBC1 during the 2nd
sampling event of June (i.e., 2-Jun) (Figure 6).
Trends similar to those observed in the temporal graph for total coliform
were also observed in the temporal graph for E. coli (Figure 9). Sites LBC1 and
LBC2 exhibited greater variability in E. coli concentrations between sampling
events than sites BMC and OC. In addition, sites LBC1 and LBC2 had more
sampling events that exceeded the prescribed criterion for E. coli (i.e., <126
cfu/100mL) than sites BMC and OC. Throughout the wet season, multiple
sampling events exceeded the EPA (2012) criterion for E. coli at LBC1 and
LBC2, however only a few exceedance events were preceded by precipitation
(e.g., 3-Mar; 4-Mar; 3-Apr). Sites BMC and OC stayed below the prescribed
criterion for all the wet season except during the 4th sampling event of March
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(i.e., 4-Mar), during which all sampling sites had conductivity, total coliform, and
E. coli exceedances in addition to increased flow rates. During the dry season,
one sampling event exceeded the E. coli criterion at each OC (i.e., 1-May) and
BMC (i.e., 3-Aug), and multiple dry season sampling events exceeded the
criterion at LBC1 (i.e., 2-May; 3-Jun) and LBC2 (i.e., 2-May; 2-Jun; 3-Jun). No
precipitation fell in the 72 hours prior to any of the noted dry season sampling
events (Figure 9). As noted prior, flow began to decline at most sites by May and
by August flow rates were too low to measure across all sites (Figure 6).
Similar to trends observed in the temporal graphs for total coliform and E.
coli, sites LBC1 and LBC2 exhibited greater variability in enterococci
concentrations between sampling events and had more sampling events with
enterococci exceedances than sites BMC and OC (Figure 10). The temporal
graph for enterococci also illustrates that while numerous sampling events
exceeded the criterion for enterococci (i.e., <35 cfu/100mL), only a few
exceedance events were preceded by precipitation (i.e., 1-Mar and 3-May). In
specific, sites LBC1 and LBC2 both exhibited an increase in enterococci
concentrations above the prescribed criterion during the 1st sampling event of
March (i.e., 1-Mar) and the 3rd sampling event of May (3-May). Sites BMC and
OC both had enterococci concentrations met the criterion during these events.
The cumulative precipitation totals recorded in the 72-hours prior to these
sampling events (i.e., 1-Mar and 3-May) were 3 cm and 1 cm, respectively. Flow
rates varied greatly between all sampling sites during both sampling events (i.e.,
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1-Mar and 3-May) (Figure 6). Other exceedance events for enterococci occurred
even when no precipitation fell in the 72-hours prior to the sampling event (e.g.,
1-Feb, 1-May, 2-May, 2-Jun, 1-Aug, 3-Aug) (Figure 10).

Figure 6. Temporal Trends for Flow and Accumulative 72-hour Precipitation (cm).
Source: USGS, 2022.

59

Figure 7. Temporal Trends for Conductivity and Accumulative 72-hour
Precipitation (cm). Criterion 150-500 µS/cm.
Source: USGS, 2022.
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Figure 8. Temporal Trends for Total Coliform and Accumulative 72-hour
Precipitation (cm). Criterion <1,000 cfu/100mL.
Source: USGS, 2022.
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Figure 9. Temporal Trends for E. coli and Accumulative 72-hour Precipitation
(cm). Criterion <126 cfu/100mL.
Source: USGS, 2022.
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Figure 10. Temporal Trends for Enterococci and Accumulative 72-hour
Precipitation (cm). Criterion <35 cfu/100mL.
Source: USGS, 2022.

Statistical Analysis: Bivariate Correlation
Identifying relationships between different physicochemical and biological
water quality parameters can help water resource managers and related
stakeholders predict the presence, absence, or magnitude of multiple parameters
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within a water system. Having such knowledge can help to guide accurate and
informed decisions related to stormwater BMP (i.e., best management practices)
structures and other mitigation strategies aimed at protecting the integrity of
surface waters. As observed at LBC1 (Table 7), DO and conductivity exhibited an
inverse relationship (i.e., negative correlation) (r= -0.51) at a confidence interval
of 95% (p ≤ 0.05). This relationship was not detected at the other sampling sites
during the study period. The correlation matrix for LBC1 also suggests a
statistically significant (p ≤ 0.01) and positive correlation between total coliform
and E. coli (r=0.69).
Similar to LBC1, LBC2 also exhibited a statistically significant (p ≤ 0.01)
positive correlation between total coliform and E. coli (r=0.68) (Table 8). The
correlation matrix for LBC2 additionally showed that total coliform exhibited a
statistically significant negative correlation with DO (r= -0.48; p≤0.05) and NH4+
(r= -0.47; p≤0.05), and a statistically significant positive correlation with water
temperature (r= 0.45; p≤0.05) (Table 8). These relationships were not detected at
the other sampling sites during the study period.
Similar to LBC1 and LBC2, the correlation matrix for BMC also suggested
a positive correlation between total coliform and E. coli (r=0.49), but at a
confidence interval of 95% (p≤0.05) instead of a confidence interval of 99%
(≤0.01) (Figure 9). In opposition to LBC2, the correlation matrix for BMC
additionally suggested a positive correlation between total coliform and DO (r=
0.46; p≤0.05) and a negative correlation between total coliform and water
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temperature (r= -0.45; p≤0.05). The correlation matrix for BMC further exhibited
statistically significant (p≤0.05) positive relationships between conductivity and
water flow (r=0.54) and conductivity and temperature (r= 0.49), and statistically
significant (p≤0.05) negative relationships between NH4+ and turbidity (r= -0.52)
and NH4+ and E. coli (r= -0.49) (Table 9). The correlation matrix for OC
suggested a similar statistically significant (p≤0.05) positive correlation between
water flow and conductivity (r=0.45) (Table 10).
DO and water temperature exhibited a statistically significant (p≤0.01)
negative correlation across all sampling sites. At LBC1, LBC2, BMC, and OC the
Pearson’s coefficient values were r= -0.72, r= -0.75, r= -0.77, and r=-0.83,
respectively (Tables 7-10).
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Table 7. Pearson Correlation Matrix for LBC1.
n=17

Flow

Temp.

Cond.

DO

pH

Flow

1

Temp.

-0.41

1

Cond.

0.37

0.22

1

DO

0.27

-0.72**

-0.51*

1

pH

-0.15

0.13

0.19

-0.34

1

Turb.

0.39

0.07

-0.17

0.08

0.05

1

NH4+

-0.12

-0.22

-0.24

0.02

-0.10

-0.40

1

NO3-

0.11

-0.44

-0.33

0.25

-0.18

0.14

0.18

1

TC

0.08

0.25

-0.35

-0.07

0.01

0.41

0.00

-0.30

1

E. coli

0.29

0.17

-0.01

-0.04

-0.02

0.28

-0.19

-0.18

0.69**

Parameters that were Log Transformation are in Bold.
** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
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Turb.

NH4+

NO3-

TC

E. coli

1

Table 8. Pearson Correlation Matrix for LBC2.
n=17

Flow

Temp.

Cond.

DO

pH

Flow

1

Temp.

0.07

1

Cond.

0.38

0.27

1

DO

0.22

-0.75**

0.10

1

pH

0.06

0.34

0.25

-0.20

1

Turb.

-0.11

-0.23

-0.22

0.16

-0.02

1

NH4+

0.19

-0.42

-0.12

0.31

-0.13

-0.22

1

NO3-

-0.01

-0.23

-0.14

0.11

-0.11

0.05

0.06

1

TC

-0.13

0.45*

-0.14

-0.48*

0.15

0.02

-0.47*

0.13

1

E. coli

-0.21

0.04

0.08

-0.13

-0.01

0.08

-0.29

0.30

0.68**

Parameters that were Log Transformation are in Bold.
** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
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Turb.

NH4+

NO3-

TC

E. coli

1

Table 9. Pearson Correlation Matrix for BMC.
n=17

Flow

Temp.

Cond.

DO

pH

Flow

1

Temp.

0.09

1

Cond.

0.54*

0.49*

1

DO

0.06

-0.77**

-0.29

1

pH

0.01

-0.10

-0.01

-0.02

1

Turb.

0.08

-0.01

-0.08

0.20

0.01

1

NH4+

-0.18

0.04

-0.15

-0.22

-0.07

-0.52*

1

NO3-

0.14

-0.27

-0.05

0.14

-0.08

0.17

-0.31

1

TC

-0.09

-0.45*

-0.39

0.46*

-0.05

0.27

-0.11

0.03

1

E. coli

0.29

0.11

0.19

0.27

-0.00

0.41

-0.49*

0.02

0.49*

Parameters that were Log Transformation are in Bold.
** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
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Turb.

NH4+

NO3-

TC

E. coli

1

Table 10. Pearson Correlation Matrix for OC.
n=17

Flow

Temp.

Cond.

DO

pH

Flow

1

Temp.

-0.03

1

Cond.

0.45*

0.35

1

DO

0.13

-0.83**

-0.16

1

pH

-0.01

-0.03

0.07

-0.23

1

Turb.

-0.01

0.15

-0.30

0.01

-0.19

1

NH4+

-0.05

-0.14

-0.42

-0.03

0.08

-0.04

1

NO3-

0.20

-0.33

-0.05

0.24

-0.21

-0.13

-0.01

1

TC

-0.41

-0.08

-0.38

-0.04

0.11

-0.03

-0.05

-0.33

1

E. coli

-0.02

0.12

0.11

-0.19

-0.12

0.34

-0.39

-0.35

0.35

Parameters that were Log Transformation are in Bold.
** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
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Turb.

NH4+

NO3-

TC

E. coli

1

CHAPTER FIVE
DISCUSSION

Water Quality Parameters
In this study, three perennial headwater streams were assessed to
establish water quality baseline and compliance trends, and to determine how
the observed trends may have been related to land cover characteristics and
seasonal fluctuations. Among the water quality parameters investigated during
this study, nitrate (NO3-) had the highest percentage of samples fail to meet the
corresponding water quality criterion at each sampling sites. This, along with the
low variance value of NO3- suggests that concentrations consistently remained
outside of the permissible range as prescribed by the Lahontan Region WQCP
(2015). Perhaps more importantly, NO3- was the only parameter which had a
majority of samples fail to meet the water quality criterion across all four sampling
sites. Of the failed NO3- samples, most were above the regulatory threshold (i.e.,
0.2-0.6 mg/L) suggesting that significant sources of NO3- were present at each
sampling site throughout the study period. The correlation study found no
significant relationships between NO3- and the other water quality parameters at
any of the sampling sites.
In relation to ammonium (NH4+), all sites had a majority of NH4+ samples
meet the regulatory range prescribed by the EPA (2013a). Failed NH4+ samples
included concentrations both below and above the permissible range (i.e., 0.0270

0.4 mg/L). The correlation study concluded that NH4+ was negatively correlated
to total coliform at site LBC2 and E. coli and turbidity at site BMC.
High concentrations of nitrate can be a concern for in-situ stream ecology,
as well as for downstream multi-use waterways, because nutrients (i.e., NO3- and
NH4+ ) in excess can exacerbate eutrophic (i.e. excessive nutrients) and hypoxic
(i.e. low DO) conditions, and lead to HABs that can cause economic damages
and have adverse health effects on animals and humans (Anderson et al. 2002;
CAWQ, 2020a, 2020b; EPA, 2012c; EPA, 2013a; EPA, 2013b; Graciaa et al.,
2018; Manganelli et al., 2012; Koreivienė et. al., 2014; USGS-c, n.d.; and others).
Peterson et al. (2001) notes on inorganic nitrogen (i.e., nitrate, nitrite, and
ammonium) export in headwater streams that on average, nitrate (i.e., NO 3-) is
transported further distances downstream than ammonium (i.e., NH4+). This may
explain the fewer NH4+ exceedances compared to NO3- as observed in this
study. In addition, Peterson et al. (2001) note that an overabundance of nitrogen
loads to streams could reduce the rate of uptake and as a result, transport
inorganic nitrogens further downstream.
Total coliform is generally nonpathogenic yet is often used as an indicator
that E. coli may be present in the water (EPA, 2021a). E. coli is a more specific
indicator of fecal contamination and the potential presence of pathogenic
bacteria, viruses, and protozoans that can cause illnesses to humans (e.g.,
diarrhea, gastrointestinal diseases, infections, rashes, severe abdominal cramps,
and other illnesses) (EPA, 2021b; Graciaa et al., 2018; Leclerc et al., 2002;
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Paruch et al., 2019; Ramírez-Castillo et al., 2015). At each sampling site, a
majority of E. coli and total coliform samples met the regulatory criteria. The
correlation study illustrated a strong positive association between total coliform
and E. coli at all sites except at site OC. Khatoon et al. (2013) concluded during a
correlation study of the water quality of the Ganga River, that parameters which
didn't show a significant correlation indicated different sources of pollution.
Similarly, parameters that illustrate a significant correlation indicated shared or
similar sources. Because E. coli is commonly found in the digestive tracts of
humans and other warm-blooded animals (MHD, 2019; EPA, 2012d), the
detection of E. coli in addition to total coliform suggests that shared sources of
bacterial pollution to the headwater streams were likely of fecal origin (i.e., from
humans and warm-blooded animals). If only total coliform was detected and no
E. coli, the sources would most likely be from the environment (e.g., plant
decomposition, and soil) (Brandt et al., 2017: MHD, 2019). At sampling site
LBC2, total coliform exhibited a positive correlation with temperature and a
negative correlation with DO. In contrast, the correlation matrix for BMC showed
a negative correlation between total coliform and water temperature and a
positive correlation between total coliform and DO.
Enterococci is another bacterium that is specific to the digestive tracts of
humans and other warm-blooded animals and is a useful indicator of fecal
contamination of recreational surface waters (EPA, 2021b; EPA, 2012d). During
this study, enterococci samples exceeded the prescribed criterion at sampling
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sites LBC1 and LBC2 but met the prescribed criterion at sites BMC and OC.
Enterococci could not be included in the correlation study due to limited sampling
events that resulted from funding constraints.
All samples of water temperature and DO parameters met the
corresponding water quality criteria at each sampling site throughout the study
period, even in the presence of low flows and increased nutrient (i.e., NO 3-)
concentrations. This is important because aquatic species depend on specific
temperature and DO ranges to survive (USGS-b, n.d.). Several sources (e.g.,
Alford and Caporuscio, 2020; Mimikou et al., 2000: Van Vliet & Zwolsman, 2008;
and EPA, 2021c) have noted that water flow is inversely related to water
temperature and DO, as reflected by higher temperatures and lower DO levels
under low-flow conditions, and lower temperatures and higher DO levels under
increased flow conditions. As noted previously, a reduction in DO concentration
can also be explained by an overabundance of nutrients that lead to HABs and
high rates of aerobic respiration and decomposition of organic material (EPA,
2012c; EPA, 2021c; Van Vliet & Zwolsman, 2008; USGS-c., n.d.). While the
correlation studies of each sampling site did not detect significant relationships
between water flow and temperature or DO, nor nutrients and DO, it did show an
inverse relationship between water temperature and DO. This relationship is well
documented among the literature, is attributed to seasonality, and occurs
because warmer water holds less DO than cooler water (Alford and Caporuscio
2020; Khatoon et al., 2013; Mimikou et al., 2000; USGS-b, n.d; Varol et al., 2012;
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Vega et al., 1998). Both water temperature and DO concentrations were stable
throughout the study period as evident by low variability values. Small variations
in water temperature throughout the study period were likely related to ambient
air temperatures that changed along with seasonal fluctuations (Khatoon et al.
2013). Observations made throughout the study further indicate that water
temperature differences between sampling sites may have been related to
natural factors such as differences in riparian coverage, sunlight exposure, and
stream configuration.
Conductivity is a measure of the electrical conductance of water and is
determined by the amount of dissolved salts and other ionic substances present
in the water (EPA, 2012a; EPA, 2021d; Khatoon et al. 2013). In contrast, pH is a
measure of how acidic or alkaline a water resource is (EPA, 2021e). The
conductivity and pH of a surface water system must be within a permissible
range to be suitable for specific aquatic species. Fluctuating or sustained
conductivity or pH outside of the permissible range can stress aquatic species
and ultimately decrease reproduction and survival (EPA 2012a; EPA, 2021d;
EPA, 2021e). During the study, the mean pH values at LBC1, LBC2, BMC, and
OC were 6.7, 6.7, 6.7, and 6.8, respectively, indicating that the nature of the
study streams were slightly acidic to neutral during the study period. All sites had
a majority of pH samples meet the prescribed criterion. However, of the samples
with water quality criterion failures, all were less than the regulatory threshold
(i.e., 6.5-8.5). Sources that have been observed to lower pH include acid rain and
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runoff from acid-generating rocks and or soils (EPA, 2021e). The correlation
study found no significant relationships between pH and the other water quality
parameters at any of the sampling sites.
In contrast, conductivity exhibited high variability at each sampling site, yet
concentrations tended to remain within the regulatory threshold (i.e., 150-500
µS/cm). The EPA (2012a; 2021d) notes a positive relationship between
conductivity and temperature, however, during this study the relationship was
only significant at sampling site BMC. Similarly, Vega et al. (1998) indicated an
inverse correlation between water flow and conductivity. This relationship was
observed to occur on the 4th sampling event of March, in which conductivity
concentrations decreased as flow rate increased (Figures 6 and 7). This may be
explained by the dilution of dissolved substances under high flow conditions.
During the Pearson’s correlation study, conductivity and flow parameters
exhibited a positive correlation at sites BMC and OC, and no correlation at site
LBC1 and LBC2. This contradiction may be explained by an influx of dissolved
salts and other ionic substances transported by stormwater runoff (i.e., rainfall or
snowmelt) into the study streams.
Turbidity is a measure of water clarity and indicates how much suspended
material (e.g., soil particles, algae, plankton, and microbes) are present in the
water. Nutrients and bacteria in surface runoff or adhere to eroded soil particles
contribute to algae growth and increased turbidity. High turbidity impacts aquatic
life by increasing water temperature and reducing light penetration which
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decreases photosynthesis and DO production. High turbidity can also impact
recreational opportunities and the aesthetics of surface waters (Alford and
Caporuscio 2020; EPA, 2012e; EPA-a, n.d.; MPCA, 2008; Ryan, 1991). During
the study, turbidity had notable variability at LBC1 and OC sites only, and as
such was not included in the temporal trends. However, the EPA (2012e) does
note that turbidity often spikes during precipitation events, especially in
developed areas that have large amounts of impervious surfaces. Sudden
increases in turbidity may also occur during dry weather if erosional activities
occur near the surface water feature (EPA, 2012e). The slope of the surrounding
topography may also play a strong role in the transport of eroded soil particles
during both dry and wet conditions (Rutledge & Chow-Fraser, 2019).
Nonetheless, turbidity concentrations remained within the permissible range at all
sites, except during one sampling event at LBC1.

Temporal Trends and Land Cover
Streamflow is largely influenced by weather fluctuations (i.e., wet and dry
conditions), with increases in streamflow often resulting from stormwater runoff
produced during or after rain or snowmelt (EPA, 2012f; USGS, 2019).
Stormwater runoff is also a primary mechanism of transportation for pollution
inputs from the land to surface waters (Peters & Maybeck, 2000; Tong & Chen,
2002). With climate change, seasonal weather trends are increasingly becoming
more variable, and with that, the timing and magnitude of stormwater potentially
transporting pollution inputs to surface waters. Once in the water, low flow
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conditions could concentrate pollutants (Mimikou et al., 2000; Van Vliet &
Zwolsman, 2008), while high flows could dilute pollutants or transport them
further downstream. During the study period, conductivity, total coliform, E. coli,
and enterococci exhibited the greatest variability among the measured water
quality parameters across all sampling sites. NO3- exhibited low variability but
had excessive exceedances. Schoonover et al. (2005) note that during
precipitation events, water concentrations better reflect the influence of the
surrounding land use on the water quality of surface water features.
Seasonal trends (Figure 4) illustrate the distinction in precipitation
between the wet (i.e., October-April) and dry (i.e., March-September) seasons.
The first significant precipitation event began mid-November (∑ =12.52 cm),
despite an abnormally dry drought classification for this month (USDM, 2021b).
More precipitation followed throughout December (∑ =17.22 cm), and smaller
precipitation events occurred in January (∑ =0.91 cm) and February (∑ =0.13
cm). March (∑ =20.29 cm) and April (∑ =20.09 cm) were associated with the
largest precipitation accumulations. While March precipitation spread throughout
month, April precipitation accumulated over six consecutive days but was then
followed by prolonged dry conditions. The cumulative precipitation events that
occurred during March (i.e., 4-Mar; 7-Mar) elevated streamflow at all sites, and
the cumulative precipitation event that occurred during April (i.e., 3-Apr; 7-Apr)
contributed to the highest observed flow rates at sites LBC2, BMC, and OC
(Figure 6). Dry season conditions resulted in lower streamflow (i.e., baseflow
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conditions), and occasionally prevented measurement of flow and or other
parameters at one or multiple sampling sites during scheduled sampling events
(e.g., August and September of 2020). Throughout both the wet and dry
seasons, most sites (i.e., LBC2, BMC, and OC) exhibited high variability in flow
rate between sampling events. There was also variability in flow rates between
sampling sites (Figure 6). The variability in the flow rates between sites may be
explained by catchment and stream morphology (e.g., size, length, slope, crosssectional area, and streambed composition) (EPA, 2012f), as well as the amount
of impervious or bare surfaces that significantly increase velocity and volume of
runoff (Arnold & Gibbons, 1996; Tong & Chen, 2002). Besides precipitation,
snowmelt and or human-induced mechanisms (e.g., irrigation wastewater, and
construction work) may help to explain variations in flow throughout the study
period, especially during dry conditions. It is also important to note the lag time
that exists between peak rainfall and peak streamflow, as well as snowmelt and
streamflow (USGS, 2019; Edwards et al., 2015).
Site LBC2 exhibited the greatest percent of conductivity failures when
compared to the other sites. At this site, most of the failed samples were less
than the permissible range (i.e., 150-500 µS/cm). Sites LBC1, BMC, and OC had
fewer conductivity failures than LBC2 (Figure 5), and of the failed samples, all
were less than the regulatory threshold (i.e.,150-500 µS/cm). According to the
EPA (2012a), conductivity in fluvial systems is largely influenced by the geology
through which they traverse, and fluvial systems that run through areas
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composed mostly of granite bedrock tend to have lower conductivity. The
temporal graph for conductivity (Figure 7) showed minimal differences between
sampling sites, which suggests that the factors that influence conductivity are
similar across the study area. This provides additional support to the assumption
that geology is the primary influence controlling conductivity in the study area.
LBC1 and LBC2 had the highest percentage of samples to exceed the
criteria for total coliform, E. coli, and enterococci (Figure 5). The catchments of
these sites (i.e., LBC1 and LBC2) shared a similar matrix of evergreen forest,
mixed forest, developed low intensity, developed medium intensity, and
developed open space. In comparison, the catchments of sites BMC and OC
contained smaller percentages of developed low-intensity and no mixed forest or
developed medium-intensity land cover classifications (Figure 3). While this study
did not perform a correlation study between land cover and water quality
parameters, Alford et al. (2016) found that fecal coliform exceedances were
positively associated with mixed forest, developed low intensity, developed
medium intensity, and developed open space land cover types (i.e., those land
cover classifications found in the catchments of LBC1 and LBC2). Observations
made through ground-truthing and spatial analysis indicate that impervious
surfaces, residential units, commercial buildings, and recreational facilities (i.e.,
campgrounds and sanitary facilities) are associated with the land cover
classifications found within the catchments of LBC1 and LBC2 (i.e., evergreen
forest, mixed forest, developed low intensity, developed medium intensity, and
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developed open space). These features (i.e., residential units, commercial
buildings, and recreational facilities) are often linked to surface and subsurface
fecal inputs to surface waters (e.g., septic and sewer systems failures, manure
runoff, and domestic and wild animal waste) (Alford et al., 2016; Clow et al.,
2011, 2013; Galfi et al., 2016; Graciaa et al., 2018; Tong & Chen, 2002.) There
are, however, non-fecal environmental sources of bacterial pollutants that can
contribute to background levels in ambient waters (e.g., plant decomposition and
soils) (EPA, 2021b). Previous studies have also documented an increase in
bacteria concentrations in surface waters following precipitation events (Hunter,
2003; Nichols et al., 2009; Kleinheniz, 2009). During this study, only a few
bacterial exceedance events were preceded by precipitation. The most notable
examples are the cumulative precipitation events that occurred during March
(i.e., 1-Mar; 3-Mar; 4-Mar). These events elevated total coliform and E. coli
concentrations above the prescribed criteria across all sites and enterococci
contractions above the prescribed criterion at LBC1 and LBC2 (Figures 8-10).
Numerous exceedance events for the bacterial parameters also occurred even
when no precipitation fell in the 72-hours prior to sampling events. These dry
weather exceedance events may be explained by warmer temperatures that can
increase the survival rates of bacteria; reduced flow and reduced stream dilution
capacity; leachate from subsurface septic and sewer system leaks and failures;
and or increased human presence and activities during the summer months
(Alford et al., 2016; Chen and Chang, 2014).
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Evergreen forest represented the dominant land cover classes across all
the catchment areas, and all catchment areas had a varying percentage of
developed land cover (i.e., developed low intensity to developed open space)
associated with impervious surfaces, residential units, and vegetation (Figure 3).
Of all the sampling sites, BMC had the highest percent of NO3- samples fail to
meet the prescribed water quality criterion. Site BMC is also located in the
catchment that has the highest percentage of developed open space, which
typically includes large-lot single-family housing units, parks, golf courses, and
vegetation (MRLC, 2021) (Table 1). Given the matrix of land cover that makes up
the catchments of each site and observations made through ground-truthing,
NO3- could have originated from septic and sewer system failures, runoff from
lawn fertilizers, and or pet waste. However, there are environmental sources of
NO3- pollution (e.g., wild animal waste, atmospheric deposition, eroded soil and
rocks, and decomposition of dead organisms), and the application of nitrogen
isotopes to tracing nitrate sources is beyond the scope of this study (Alford et al.,
2016; Alford and Caporuscio 2020; EPA, 2012c). NO3- sample failures occurred
at all sites throughout both the wet and dry seasons. Like bacteria, NO 3- can be
found in excess in aquatic systems following precipitation events and amplified
stormwater runoff (EPA, 2013b; EPA, 2022; Delpla et al., 2009; Hunter, 2003;
Varol et al. (2012). Van Vliet & Zwolsman (2008) and Varol et al. (2012) note a
reduction of NO3- concentrations during the summer months (i.e., dry season)
due to reduced stormwater runoff, reduced soil leaching, and increased NO3- use
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for algae growth. In juxtaposition, NO3- present within the water during dry
conditions may be explained by base flow conditions that reduce stream dilution
capacity and introduce groundwater that may be contaminated by leachate from
subsurface septic or sewer systems (EPA, 2012c; Mimikou et al., 2000; Van Vliet
& Zwolsman, 2008).

Importance of Research and Future Studies
Monitoring the water quality of headwater streams is critical to protecting
water quality throughout hydrologic networks and therefore the various beneficial
uses (e.g., ecological, recreational, municipal, and domestic) that downstream
surface waters support. However, without clear regulatory measures or policies
for monitoring headwater streams, water resource managers lack the guidance
needed to establish effective headwater management programs. This
consequently leads to gaps in mitigation efforts of surface water impairments and
impedes the development of comprehensive watershed-level management
programs. To overcome this challenge, water resource managers, natural
resource agencies, and other related stakeholders will need to self-organize and
work collaboratively to initiate non-regulatory, voluntary partnerships, who
together can identify common goals, develop plans, and implement projects. The
collection and analysis of comprehensive data upon which organized parties can
make accurate and informed decisions will be a key first step in driving the
bottom-up approach to headwater stream management. This study provides
watershed managers and related stakeholders of the waters of the San
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Bernardino National Forest with site-specific baseline knowledge of the water
quality of three perennial headwater streams, the streams’ compliance with
regulatory criteria, and the influence land cover and seasonal fluctuations may
have exhibited on the water quality baseline and compliance trends observed of
the three study streams. However, this study can additionally act as a foundation
piece for others to establish similar methods or protocols for water quality
monitoring initiatives of headwater streams in other areas facing surface water
degradation. Checking that water quality parameters meet regulatory criteria
ensures that the water in-situ and flowing to downstream features is adequate for
human and ecological uses. Understanding the cumulative effects that land cover
and land use and seasonal fluctuations play on the water quality of surface
waters is particularly important as human populations and development continue
to grow alongside unprecedented climate changes.
There are several additional avenues for future research that may
contribute to a more comprehensive understanding of the water quality of the
three perennial headwater streams assessed during this study and the humanenvironmental factors that lead to impairments in-situ and across the hydrological
network. Given the high concentrations of nitrate detected during this study, one
recommendation is to analyze rates of nitrogen uptake and export from
headwater reaches to downstream surface waters, as similarly explored in
Peterson et al (2001). Headwater streams serve as important zones of nitrogen
uptake and reducing nitrogen loads in downstream water features (EPA, 2016;

83

Wallace & Eggert, 2015; UNH, 2018). Identifying how much nitrogen loads are
reduced before reaching downstream features, and what site-specific factors
control uptake rates, would help water resource managers to implement control
measures related to hypoxic conditions, eutrophication, and HABs. A simple way
to measure nitrogen reduction would be to take concentration measurements in
the upper reaches of a headwater stream and once again at the outlet where the
stream drains into another downstream feature. However, one barrier to
implementing nitrogen uptake and export analysis in the San Bernardino National
Forest is obtaining permission to access sites that are located on private property
or national forest land.
Direct tracing of pollution sources is another effective way to mitigating
impairments to headwater streams and downstream features. Yet, this approach
was beyond the scope of this study, which simply provided a broad analysis of
landscape factors that could be acting as potential pollutants sources. As such,
an additional recommendation for future research includes source identification
of nitrate and bacterial pollutants to gain conclusive evidence on the origin of
pollution sources. In specific, future research may consider the use of nitrogen
(δ15N) and oxygen (δ18O) isotopes, as well as the EPA’s microbial source
tracking (MST) methods to identify nitrate and fecal pollution sources,
respectively.
Future research may also consider an investigation of a first flush
phenomenon, in which the first storms of the wet season, or the initial stages of
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large storm events, flush high concentrations of pollutants from surface and
subsurface pollutant sources into nearby water systems. Because a significant
amount of the study area’s precipitation accumulates as snow, a first flush
phenomenon may be best investigated by plotting the temporal trendlines of
pollution concentrations against stream discharge (i.e., flow rate) to account for
snowmelt.
A final recommendation is an analysis of the riparian vegetation coverage
between the headwater streams and sampling sites that may contribute to
differences observed in precipitation interception, discharge rates, water
temperature, pollution loads, and other physical-chemical indicators.
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CHAPTER SIX
CONCLUSION
The goal of this study was to establish baseline knowledge of the water
quality of three headwater perennial streams, determine the streams’ compliance
with regulatory criteria, and determine whether possible associations exist
between human-environmental factors (i.e., nearby land cover and seasonal
fluctuations) and the observed baseline and compliance trends of the three study
streams. A comprehensive assessment of the water quality of headwater
streams is not only critical to protecting water quality throughout hydrologic
networks, but it also provides water resource managers and related stakeholders
with the data needed to guide accurate and informed decisions and is a key first
step in driving the bottom-up approach to headwater stream management. The
findings of this study suggest that nitrate (NO3-) was consistently (i.e., throughout
both wet and dry seasons) found in concentrations greater than the regulatory
criteria and as such, warrants frequent monitoring and future analysis for
pollution source identification, fate, and transport to avoid hypoxic conditions,
eutrophication, and HABs in downstream hydrologic features. Fluctuations in
some water quality parameters (e.g., water flow, total coliform, E. coli, and
enterococci) observed during both wet and dry conditions suggest that climatic
and landscape factors collectively influenced the water quality trends observed
across the study sites. Similarly, concentration/measurement differences
observed in some water quality parameters between sampling sites (e.g., water
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flow, nitrate, total coliform, E. coli, and enterococci) suggest variations in
pollutant sources and controlling factors likely related to the differences in the
matrices of land cover and landscape features that make up the catchments of
each sampling site. Understanding the cumulative effects that land cover and
land use and seasonal fluctuations play on the water quality of surface waters is
particularly important as human populations and development continue to grow
alongside unprecedented climate changes. Having such knowledge of the
human-environmental stressors of headwater streams is perhaps even more
important as these surface water features play a significant role in influencing
water quality and quantity across hydrologic networks. Identifying statistically
significant relationships between water quality parameters (e.g., DO and
temperature; total coliform and E. coli) can help water resource managers and
related stakeholders develop mitigation strategies that target multiple
impairments. While the findings and observations made in this study are sitespecific, this study can guide others in establishing similar methods or protocols
for water quality monitoring initiatives of headwater streams in other areas facing
surface water degradation.
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